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FIG. 40
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FIG. 41

sample 2{oxide semiconductor layer 206¢ 10nm)
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FIG. 42

sample 3{oxide semiconductor layer 206¢c 15nm)
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FIG. 43

sample 4{oxide semiconductor layer 206c 20nm)
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FIG. 44

sample 5{oxide semiconductor layer 206¢ Onm {non))
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sample 2 (oxide semiconductor layer 206¢ 10nm)
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SEMICONDUCTOR DEVICE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to an object, a method, or a
manufacturing method. In addition, the present invention
relates to a process, a machine, manufacture, or acomposition
of matter. In particular, the present invention relates to, for
example, a semiconductor layer, a semiconductor device, a
display device, a liquid crystal display device, or a light-
emitting device. In addition, the present invention relates to a
method for manufacturing a semiconductor device, a display
device, a liquid crystal display device, or a light-emitting
device. Alternatively, the present invention relates to a driving
method of a semiconductor device, a display device, a liquid
crystal display device, or a light-emitting device. In particu-
lar, the present invention relates to a semiconductor device, a
display device, or a light-emitting device each including a
transistor, or a driving method thereof, for example. Further,
the present invention relates to, for example, an electronic
appliance including the semiconductor device, the display
device, or the light-emitting device.

Note that in this specification, a semiconductor device
refers to any device that can function by utilizing semicon-
ductor characteristics, and an electro-optical device, a semi-
conductor circuit, an electronic appliance, and the like are all
included in the category of the semiconductor device.

2. Description of the Related Art

A technique by which a transistor is formed using a semi-
conductor film formed over a substrate having an insulating
surface has been attracting attention. The transistor is applied
to a wide range of semiconductor devices such as an inte-
grated circuit and a display device. A silicon film is known as
a semiconductor film applicable to a transistor.

As the silicon film used as a semiconductor film of a tran-
sistor, either an amorphous silicon film or a polycrystalline
silicon film is used depending on the purpose. For example, in
the case of a transistor included in a large-sized display
device, it is preferable to use an amorphous silicon film,
which can be formed using the established technique for
forming a film on a large-sized substrate. On the other hand,
in the case of a transistor included in a high-performance
display device where driver circuits are formed over the same
substrate, it is preferable to use a polycrystalline silicon film,
which can form a transistor having a high field-effect mobil-
ity. As a method for forming a polycrystalline silicon film,
high-temperature heat treatment or laser light treatment
which is performed on an amorphous silicon film has been
known.

In recent years, an oxide semiconductor film has attracted
attention.

For example, a transistor which includes an amorphous
oxide semiconductor film containing indium, gallium, and
zinc is disclosed (see Patent Document 1).

An oxide semiconductor film can be formed by a sputtering
method or the like, and thus can be used for a channel forma-
tion region of a transistor in a large display device. A transis-
tor including an oxide semiconductor film has a high field-
effect mobility; therefore, a high-performance display device
where driver circuits are formed over the same substrate can
be obtained. Moreover, there is an advantage that capital
investment can be reduced because part of production equip-
ment for a transistor including an amorphous silicon film can
be retrofitted and utilized.

Note that homologous compounds represented by InMO,
(Zn0O),, (M is Fe, Ga, or Al and m is a natural number) are
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known (see Non-Patent Document 1). Among homologous
compounds represented by InMO;(Zn0),,, a crystal where M
is gallium (Ga) is sometimes referred to as “Kimizuka crys-
tal” named after Dr. Noboru Kimizuka who succeeded in
synthesizing the crystal for the first time.

REFERENCE
Patent Document

[Patent Document 1] Japanese Published Patent Application
No. 2006-165528

Non-Patent Document

N. Kimizuka, M. Isobe, and M. Nakamura, “Syntheses and
Single-Crystal Data of Homologous Compounds, In,O;
(Zn0),, (m=3, 4, and 5), InGaO;(Zn0),, and Ga,O,
(Zn0),, (m=7,8,9,and 16) in the In,0;—ZnGa,0,—7ZnO
System”, J. Solid State Chem., 1995, Vol. 116, pp. 170-178

SUMMARY OF THE INVENTION

An object is to provide a transistor or the like having
excellent electrical characteristics. Another object is to pro-
vide a transistor or the like having a high on-state current.
Another object is to provide a transistor or the like having
stable electrical characteristics.

Another object is to provide a transistor or the like having
a low off-state current. Another object is to provide a transis-
tor or the like having a high field-effect mobility. Another
object is to provide a transistor or the like with a high yield.
Another object is to provide a semiconductor device or the
like including the transistor or the like. Another object is to
provide a novel semiconductor device or the like.

Note that the descriptions of these objects do not disturb the
existence of other objects. In one embodiment of the present
invention, there is no need to achieve all the objects. Other
objects will be apparent from and can be derived from the
description of the specification, the drawings, the claims, and
the like.

One embodiment of the present invention is a semiconduc-
tor device including a gate electrode; a gate insulating film in
contact with the gate electrode; and a multilayer film which is
in contact with the gate insulating film and includes a first
oxide semiconductor layer, a second oxide semiconductor
layer, and a third oxide semiconductor layer in the order from
a side farthest from the gate insulating film. The first oxide
semiconductor layer, the second oxide semiconductor layer,
and the third oxide semiconductor layer each contain indium,
an element M (aluminum, gallium, yttrium, or tin), and zinc.
The first oxide semiconductor layer has an atomic ratio of the
element M to indium which is higher than an atomic ratio of
the element M to indium of the second oxide semiconductor
layer and has a thickness greater than or equal to 20 nm and
less than or equal to 200 nm. The third oxide semiconductor
layer has an atomic ratio of the element M to indium which is
higher than an atomic ratio of the element M to indium of the
second oxide semiconductor layer and has a thickness greater
than or equal to 0.3 nm and less than 10 nm.

Another embodiment of the present invention is a semicon-
ductor device including a gate electrode; a gate insulating film
in contact with the gate electrode; and a multilayer film which
is in contact with the gate insulating film and includes a first
oxide semiconductor layer, a second oxide semiconductor
layer, and a third oxide semiconductor layer in the order from
a side farthest from the gate insulating film. The first oxide
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semiconductor layer, the second oxide semiconductor layer,
and the third oxide semiconductor layer each contain indium,
an element M, and zinc. The first oxide semiconductor layer
has an atomic ratio of the element M to indium which is 1.5
times or more as high as an atomic ratio of the element M to
indium of the second oxide semiconductor layer and has a
thickness greater than or equal to 20 nm and less than or equal
t0 200 nm. The third oxide semiconductor layer has an atomic
ratio of the element M to indium which is 1.5 times or more as
high as an atomic ratio of the element M to indium of the
second oxide semiconductor layer and has a thickness greater
than or equal to 0.3 nm and less than 10 nm.

Another embodiment of the present invention includes a
semiconductor device including a gate electrode; a gate insu-
lating film in contact with the gate electrode; and a multilayer
film which is in contact with the gate insulating film and
includes a first oxide semiconductor layer, a second oxide
semiconductor layer, and a third oxide semiconductor layer in
the order from a side farthest from the gate insulating film.
The first oxide semiconductor layer, the second oxide semi-
conductor layer, and the third oxide semiconductor layer each
contain indium, an element M, and zinc. The first oxide semi-
conductor layer has energy at a bottom of a conduction band,
which is higher than energy at a bottom of a conduction band
of'the second oxide semiconductor layer, and has a thickness
greater than or equal to 20 nm and less than or equal to 200
nm. The third oxide semiconductor layer has energy at a
bottom of a conduction band, which is higher than energy at
a bottom of a conduction band of the second oxide semicon-
ductor layer, and has a thickness greater than or equal to 0.3
nm and less than 10 nm.

Another embodiment of the present invention includes a
semiconductor device including a gate electrode; a gate insu-
lating film in contact with the gate electrode; and a multilayer
film which is in contact with the gate insulating film and
includes a first oxide semiconductor layer, a second oxide
semiconductor layer, and a third oxide semiconductor layer in
the order from a side farthest from the gate insulating film.
The first oxide semiconductor layer, the second oxide semi-
conductor layer, and the third oxide semiconductor layer each
contain indium, an element M, and zinc. The first oxide semi-
conductor layer has energy at a bottom of a conduction band,
which is higher than energy at a bottom of a conduction band
of the second oxide semiconductor layer by 0.2 eV or more
and 2 eV or less, and has a thickness greater than or equal to
20 nm and less than or equal to 200 nm. The third oxide
semiconductor layer has energy at a bottom of a conduction
band, which is higher than energy at a bottom of a conduction
band of the second oxide semiconductor layer by 0.2 eV or
more and 2 eV or less, and has a thickness greater than or
equal to 0.3 nm and less than 10 nm.

Alternatively, in the above semiconductor device of any of
the embodiments of the present invention, a source electrode
and a drain electrode are formed between the second oxide
semiconductor layer and the third oxide semiconductor layer.

A transistor or the like having excellent electrical charac-
teristics can be provided. A transistor or the like having a high
on-state current can be provided. A transistor or the like
having stable electrical characteristics can be provided.

A transistor or the like having a low off-state current can be
provided. A transistor or the like having a high field-effect
mobility can be provided. A transistor or the like with a high
yield can be provided. A semiconductor device or the like
including the transistor or the like can be provided. A novel
semiconductor device or the like can be provided.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A is a cross-sectional view of a transistor, and FIG.
1B is a diagram illustrating the band structure of the transis-
tor.

FIG. 2 is graphs each showing a relation between a struc-
ture of a multilayer film and on-state current.

FIG. 3 is graphs each showing a relation between a struc-
ture of a multilayer film and on-state current.

FIG. 4 is graphs each showing a relation between a struc-
ture of a multilayer film and current density, and a relation
between the structure of the multilayer film and electron
density.

FIG. 5A is a cross-sectional view of a transistor, and FIG.
5B is a diagram illustrating an equivalent circuit of the tran-
sistor.

FIGS. 6A and 6B each illustrate a band structure.

FIG. 7 illustrates a band structure of DOS inside an oxide
semiconductor layer and in the vicinity of the interface of the
oxide semiconductor layer.

FIG. 8 is a cross-sectional schematic view of a transistor
including an oxide semiconductor layer.

FIG. 9 is a graph showing deterioration of a transistor
including an oxide semiconductor layer in a dark state.

FIG. 10 illustrates deterioration of a transistor including an
oxide semiconductor layer in a dark state.

FIG. 11 is a graph showing deterioration of a transistor
including an oxide semiconductor layer under light irradia-
tion.

FIG. 12 illustrates deterioration of a transistor including an
oxide semiconductor layer under light irradiation.

FIG. 13 illustrates deterioration of a transistor including an
oxide semiconductor layer under light irradiation.

FIGS. 14A to 14F illustrate a model where an oxide semi-
conductor layer is highly purified to be intrinsic.

FIGS. 15A 10 15C are a top view and cross-sectional views
illustrating an example of a transistor of one embodiment of
the present invention.

FIGS. 16A to 16C are a top view and cross-sectional views
illustrating an example of a transistor of one embodiment of
the present invention.

FIGS. 17A to 17C are each a cross-sectional view illustrat-
ing an example of a region near a source electrode and a drain
electrode of a transistor of one embodiment of the present
invention.

FIGS. 18A to 18D are cross-sectional views illustrating an
example of a manufacturing method of a transistor of one
embodiment of the present invention.

FIGS. 19A to 19D are cross-sectional views illustrating an
example of a manufacturing method of a transistor of one
embodiment of the present invention.

FIGS. 20A 10 20C are a top view and cross-sectional views
illustrating an example of a transistor of one embodiment of
the present invention.

FIGS. 21A 10 21C are a top view and cross-sectional views
illustrating an example of a transistor of one embodiment of
the present invention.

FIGS. 22A to 22D are cross-sectional views illustrating an
example of a manufacturing method of a transistor of one
embodiment of the present invention.

FIGS. 23 A to 23D are cross-sectional views illustrating an
example of a manufacturing method of a transistor of one
embodiment of the present invention.

FIGS. 24A 10 24D are a top view and cross-sectional views
illustrating an example of a transistor of one embodiment of
the present invention.
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FIGS. 25A to 25D are cross-sectional views illustrating an
example of a manufacturing method of a transistor of one
embodiment of the present invention.

FIGS. 26A t0 26C are a top view and cross-sectional views
illustrating an example of a transistor of one embodiment of
the present invention.

FIGS. 27A 10 27D are cross-sectional views illustrating an
example of a manufacturing method of a transistor of one
embodiment of the present invention.

FIG. 28 illustrates a band structure of a multilayer film of
one embodiment of the present invention.

FIGS. 29A to 29C (29C1 and 29C2) are each a nanobeam
electron diffraction pattern of an oxide semiconductor.

FIG. 30 is a graph showing an absorption coefficient mea-
sured by CPM.

FIGS. 31A and 31B are top views each illustrating an
example of a deposition apparatus.

FIGS. 32A and 32B are cross-sectional views each illus-
trating an example of a deposition chamber.

FIG. 33 illustrates an example of a heat treatment chamber.

FIG. 34 is a block diagram illustrating an example of a
semiconductor device of one embodiment of the present
invention.

FIGS. 35A and 35B are a cross-sectional view and a circuit
diagram illustrating an example of a semiconductor device of
one embodiment of the present invention.

FIGS. 36A to 36C are block diagrams illustrating an
example of a CPU of one embodiment of the present inven-
tion.

FIGS. 37A to 37C are a circuit diagram, a top view, and a
cross-sectional view illustrating an example of an EL display
device of one embodiment of the present invention.

FIGS. 38A and 38B are a circuit diagram and a cross-
sectional view illustrating an example of a liquid crystal dis-
play device of one embodiment of the present invention.

FIGS. 39A to 39C each illustrate an example of an elec-
tronic appliance of one embodiment of the present invention.

FIG. 40 shows electrical characteristics of transistors.

FIG. 41 shows electrical characteristics of transistors.

FIG. 42 shows electrical characteristics of transistors.

FIG. 43 shows electrical characteristics of transistors.

FIG. 44 shows electrical characteristics of transistors.

FIG. 45 is graphs comparing actual measured results and
calculation results of electrical characteristics of transistors.

FIG. 46 is graphs showing electrical characteristics of tran-
sistors measured between before and after gate BT stress
tests.

FIG. 47 is graphs showing electrical characteristics of tran-
sistors measured between before and after gate BT stress
tests.

FIG. 48 is graphs showing electrical characteristics of tran-
sistors measured between before and after gate BT stress
tests.

FIG. 49 is graphs showing electrical characteristics of tran-
sistors measured between before and after gate BT stress
tests.

FIG. 50 is graphs showing electrical characteristics of tran-
sistors measured between before and after gate BT stress
tests.

DETAILED DESCRIPTION OF THE INVENTION

An embodiment and examples of the present invention will
be described in detail below with reference to the drawings.
However, the present invention is not limited to the descrip-
tion below, and it is easily understood by those skilled in the
art that modes and details can be modified in various ways.
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Further, the present invention is not construed as being lim-
ited to description of the embodiment and the examples. In
describing structures of the present invention with reference
to the drawings, common reference numerals are used for the
same portions in different drawings. Note that the same
hatched pattern is applied to similar parts, and the similar
parts are not especially denoted by reference numerals in
some cases.

Note that what is described (or part thereof) in one embodi-
ment can be applied to, combined with, or exchanged with
another content in the same embodiment.

Note that the size, the thickness of layers, or regions in
drawings is sometimes exaggerated for simplicity and is not
limited to such a scale.

Note that drawings are schematic views of ideal examples,
and the embodiment of the present invention are not limited to
the shape or the value illustrated in the drawings. For
example, the following can be included: variation in shape
due to a manufacturing technique; variation in shape due to an
error; variation in signal, voltage, or current due to noise;
variation in signal, voltage, or current due to a difference in
timing; or the like.

A voltage usually refers to a difference in electric potential
(hereinafter referred to as a potential) between a given poten-
tial and a reference potential (e.g., a source potential or a
ground potential (GND)). Thus, a voltage can be referred to as
a potential and vice versa.

Even when the expression “electrically connect” is used in
this specification, in an actual circuit, there is a case in which
no physical connection is made and a wiring is just extended.

Note that the ordinal numbers such as “first” and “second”
in this specification are used for the sake of convenience and
do not denote the order of steps or the stacking order oflayers.
In addition, the ordinal numbers in this specification do not
denote particular names which specify the present invention.

In this specification, for example, when the shape of an
object is described with the use of a term such as “diameter”,
“grain size (diameter)”, “dimension”, “size”, or “width”, the
term can be regarded as the length of one side of a minimal
cube where the object fits, or an equivalent circle diameter of
a cross section of the object. The term “equivalent circle
diameter of a cross section of the object” refers to the diam-
eter of aperfect circle having the same area as that of the cross
section of the object.

Note that a “semiconductor” includes characteristics of an
“insulator” in some cases when the conductivity is suffi-
ciently low, for example. Further, a “semiconductor” and an
“insulator” cannot be strictly distinguished from each other in
some cases because a border between the “semiconductor”
and the “insulator” is not clear. Accordingly, a “semiconduc-
tor” in this specification can be called an “insulator” in some
cases. Similarly, an “insulator” in this specification can be
called a “semiconductor” in some cases.

Further, a “semiconductor” includes characteristics of a
“conductor” in some cases when the conductivity is suffi-
ciently high, for example. Further, a “semiconductor” and a
“conductor” cannot be strictly distinguished from each other
in some cases because a border between the “semiconductor”
and the “conductor” is not clear. Accordingly, a “semicon-
ductor” in this specification can be called a “conductor” in
some cases. Similarly, a “conductor” in this specification can
be called a “semiconductor” in some cases.

Note thatan impurity in a semiconductor layer refers to, for
example, elements other than the main components of the
semiconductor layer. For example, an element with a concen-
tration lower than 0.1 atomic % is an impurity. When an
impurity is contained, density of states (DOS) may be formed
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in the semiconductor layer, the carrier mobility may be
decreased, or the crystallinity may be lowered, for example.
In the case where the semiconductor layer is an oxide semi-
conductor layer, examples of an impurity which changes
characteristics of the semiconductor layer include Group 1
elements, Group 2 elements, Group 14 elements, Group 15
elements, and transition metals other than the main compo-
nents; specifically, there are hydrogen (included in water),
lithium, sodium, silicon, boron, phosphorus, carbon, and
nitrogen, for example. In the case where the semiconductor
layer is an oxide semiconductor layer, oxygen vacancies may
be formed by entry of an impurity. Further, in the case where
the semiconductor layer is a silicon layer, examples of an
impurity which changes characteristics of the semiconductor
layer include oxygen, Group 1 elements except hydrogen,
Group 2 elements, Group 13 elements, and Group 15 ele-
ments.

In this specification, excess oxygen refers to oxygen in
excess of the stoichiometric composition, for example. Alter-
natively, excess oxygen refers to oxygen released by heating,
for example. Excess oxygen can move inside a film or a layer.
Excess oxygen moves between atoms in a film or a layer or
excess oxygen replace oxygen that is a constituent of a film or
a layer and moves like a billiard ball. An insulating film
containing excess oxygen means an insulating film from
which oxygen is released by heat treatment, for example.
<On-State Current of Transistor Having Multilayer Film>

In a transistor having a multilayer film including an oxide
semiconductor layer, calculation was performed to examine
the relation between an on-state current (Ion) and physical
properties or thickness of each layer.

FIG. 1A illustrates a cross-sectional schematic view of a
transistor used for the calculation. The transistor includes a
base insulating film (BI), an oxide semiconductor layer (S1)
over the base insulating film (BI), an oxide semiconductor
layer (S2) over the oxide semiconductor layer (S1), a source
electrode (SE) and a drain electrode (DE) over the oxide
semiconductor layer (S2), an oxide semiconductor layer (S3)
over the oxide semiconductor layer (S2) and the source elec-
trode (SE) and the drain electrode (DE), a gate insulating film
(GI) over the oxide semiconductor layer (S3), and a gate
electrode (GE) over the gate insulating film (GI). Note that the
oxide semiconductor layer (S2) includes n-type regions in
regions in contact with the source electrode (SE) and the drain
electrode (DE).

Here, the oxide semiconductor layer (S1), the oxide semi-
conductor layer (S2), and the oxide semiconductor layer (S3)
are collectively referred to as a multilayer film.

In the calculation, the values given below were used. The
base insulating film (BI) was assumed to be a silicon oxyni-
tride film with a thickness set to 300 nm and a relative dielec-
tric constant set to 4.1.

The oxide semiconductor layer (S1) was assumed to be an
In—Ga—7n oxide having a high atomic ratio of Ga with a
thickness set to 20 nm, a relative dielectric constant set to 15,
an electron affinity set under three conditions (4.2 eV, 4.3 eV,
and 4.4 eV), an energy gap set to 3.6 eV, adonor density set to
1x10~°/cm?, an electron mobility set to 0.1 cm*/Vs, and a
hole mobility set to 0.01 cm?/Vs. The electron affinity refers
to a difference between energy at the vacuum level and energy
at a bottom of a conduction band (Ec).

The oxide semiconductor layer (S2) was assumed to be an
In—Ga—7n oxide having an atomic ratio of In as high as that
of Ga with a thickness set to 15 nm, a relative dielectric
constant set to 15, an electron affinity set to 4.6 eV, an energy
gap set to 3.2 eV, a donor density set to 1x10~°/cm’, an
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electron mobility set to 10 cm?/Vs, and a hole mobility set to
0.01 cm*/Vs. Further, the donor density of the n-type region
was 5x10"%/cm’.

The oxide semiconductor layer (S3) was assumed to be an
In—Ga—7n oxide having a high atomic ratio of Ga with a
thickness set under seven conditions (0 nm, 5 nm, 10 nm, 20
nm, 30 nm, 40 nm, and 50 nm), a relative dielectric constant
set to 15, an electron affinity set under three conditions (4.2
eV, 4.3 eV, and 4.4 eV), an energy gap set to 3.6 eV, a donor
density set to 1x107°/cm’, an electron mobility set to 0.1
cm?/Vs, and a hole mobility set to 0.01 cm*/Vs. Note that the
oxide semiconductor layer (S1) and the oxide semiconductor
layer (S3) had the same electron affinity.

The gate insulating film (GI) was assumed to be a silicon
oxynitride film with a thickness set under three conditions (10
nm, 20 nm, and 30 nm) and a relative dielectric constant set to
4.1.

The gate electrode (GE) was assumed to be a tungsten film
with a work function set to 5.0 eV.

The channel length and the channel width of the transistor
were each 0.8 um. Note that a region of the oxide semicon-
ductor layer (S2) where a channel is formed corresponds to a
region which is overlapped with the gate electrode (GE) and
which is between the source electrode (SE) and the drain
electrode (DE) when seen from the above. Thus, when seen
from the above, the channel length of the transistor corre-
sponds to a distance between the source electrode (SE) and
the drain electrode (DE) When seen from the above, the
channel width of the transistor corresponds to a length per-
pendicular to that of a channel formation region in a channel
length direction.

The transistor whose cross section is illustrated in FIG. 1A
has a band structure shown in FIG. 1B along dashed-dotted
line H1-H2 obtained from the relations of electron affinities
of'the oxide semiconductor layer (S1), the oxide semiconduc-
tor layer (S2), and the oxide semiconductor layer (S3). Here,
a well is formed in the oxide semiconductor layer (S2). A
difference in electron affinity between the oxide semiconduc-
tor layer (S2), and each of the oxide semiconductor layer (S1)
and the oxide semiconductor layer (S3) (such a difference
corresponds to a difference in energy between the bottoms of
the conduction bands) is called a well depth.

The electron affinity of the oxide semiconductor layer (S2)
is 4.6 eV. Therefore, when the electron affinities of the oxide
semiconductor layer (S1) and the oxide semiconductor layer
(S3)areeach4.2eV,4.3eV,or4.4 eV, the welldepthis 0.4 eV,
0.3 eV, or 0.2 eV, respectively.

In general, DOS is formed at an interface between a semi-
conductor layer and a base insulating film, an interface
between the semiconductor layer and a gate insulating film, or
the like. Whereas, in some cases, DOS decreases on-state
current or reliability, a channel can be formed in the well,
which is the oxide semiconductor layer (S2) in the multilayer
film, of the transistor in FIG. 1A. In that case, the influences
from the interface between the base insulating film (BI) and
the oxide semiconductor layer (S1) and the interface between
the oxide semiconductor layer (S3) and the gate insulating
film (GI) become relatively smaller; thus, in some cases, a
decrease in on-state current or reliability can be suppressed.

The calculation was performed using device simulation
software “ATLLAS” produced by Silvaco Inc under the above
conditions. Note that the calculation was performed under the
assumption of an ideal situation. For example, the calculation
was performed in the case where DOS was not provided on
the interface between the base insulating film (BI) and the
oxide semiconductor layer (S1), the interface between the
oxide semiconductor layer (S3) and the gate insulating film
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(GD), or the like. That is, the calculation was performed not to
demonstrate the effect of the well formed in the multilayer
film but to demonstrate the relation between an on-state cur-
rent (Ion) and physical properties or thickness of each layer.

FIG. 2 is graphs on which the values of on-state current
(Ion) are plotted with respect to the thicknesses of the oxide
semiconductor layer (S3). Note that the on-state current is a
drain current Id when the gate voltage Vg is 3 V and the drain
voltage Vd is 3V. In FIG. 2, the plots of the values of on-state
current when the well depths are 0.4 eV, 0.3 eV, and 0.2 eV are
shown in the top graph, the middle graph, and the bottom
graph, respectively. In each case, white circles are plots of the
on-state current value in the case where the thickness of the
gate insulating film (GI) was 10 nm, white triangles are plots
of'the on-state current value in the case where the thickness of
the gate insulating film (GI) was 20 nm, and white squares are
plots of the on-state current value in the case where the
thickness of the gate insulating film (GI) was 30 nm.

According to FIG. 2, there were the following findings.
On-state current became lower as the thickness of the oxide
semiconductor layer S3 got smaller. The on-state current
became extremely lower with respect to the thickness of the
oxide semiconductor layer (S3) as the well depth got smaller.
Further, on-state current became lower as the thickness of the
gate insulating film (GI) got larger.

In the case where the channel is formed only in the oxide
semiconductor layer (S2) including interfaces thereof, the
oxide semiconductor layer (S3) can function as part of the
gate insulating film. Note that it is known that the on-state
current of a transistor is proportional to the capacitance of a
gate insulating film.

Left graphs of FIG. 3 are graphs plotting data, where the
horizontal axis represents total capacitance of the oxide semi-
conductor layer (S3) and the gate insulating film (GI), and the
vertical axis represents on-state current of the transistors.
Right graphs of FIG. 3 are graphs plotting data, where the
horizontal axis represents a value obtained by dividing the
total capacitance of the oxide semiconductor layer (S3) and
the gate insulating film (GI) by the capacitance of the gate
insulating film (GI) (such value corresponds to normalized
capacitance), and the vertical axis represents values obtained
by dividing the on-state currents of the transistors by the
on-state currents in the case without the oxide semiconductor
layer (S3) (0 nm) (such a value corresponds to a normalized
on-state current or an lon ratio).

In each of the right graphs of FIG. 3, there is a straight line
having a slope of 1. In the case where the oxide semiconduc-
tor layer (S3) functions as part of the gate insulating film, the
normalized capacitance and the normalized on-state current
are ideally plotted on the straight line having a slope of 1.
However, some plots in the case where the well depth is 0.3
eV and some plots in the case where the well depth is 0.2 eV
are positioned below the straight line having a slope of 1. This
is probably because the oxide semiconductor layer (S3) does
not function as a gate insulating film.

That is, depending on the condition, electrons were
induced to the oxide semiconductor layer (S3) by the electric
field of the gate electrode (GE) and the electron density of the
oxide semiconductor layer (S3) was increased, which
resulted in the block of the electric field of the gate electrode
(GE). Consequently, it is probable that the electric field
applied to the oxide semiconductor layer (S2) was weakened
and the on-state current of the transistor was decreased.

Thus, calculation results of current density and electron
density at the interface between the oxide semiconductor
layer (S2) and the oxide semiconductor layer (S3) (S2\S3
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10
interface) or the interface between the oxide semiconductor
layer (S3) and the gate insulating film (GI) (S3\GI interface)
are described next.

Left graphs of FIG. 4 are graphs on which the values of
current density are plotted with respect to the thickness of the
oxide semiconductor layer (S3). Note that the current density
is a current density when the gate voltage Vg is 3 V and the
drain voltage Vd is 3 V. White circles, white triangles, and
white squares are plots of the S2\S3 interface, and black
circles, black triangles, and black squares are plots of the
S3\GI interface. In the left graphs of FIG. 4, the plots of the
values of current density when the well depths are 0.4 eV, 0.3
eV, and 0.2 eV are shown in the top graph, the middle graph,
and the bottom graph, respectively. In each case, the circles
are plots of the current density value in the case where the
thickness of the gate insulating film (GI) was 10 nm, the
triangles are plots of the current density value in the case
where the thickness of the gate insulating film (GI) was 20
nm, and the squares are plots of the current density value in
the case where the thickness of the gate insulating film (GI)
was 30 nm.

According to the left graphs of FIG. 4, the current density
at the S2\S3 interface was higher than the current density at
the S3\GI interface under any conditions. Thus, this result
showed that the channel of the transistor was formed at the
S2\S3 interface.

Note that in this calculation, it is estimated that the electron
mobility of the oxide semiconductor layer (S3) is lower than
the electron mobility of the oxide semiconductor layer (S2).
Therefore, it is probable that the channel was formed at the
S2\S3 interface because of a difference between the oxide
semiconductor layer (S3) and the oxide semiconductor layer
(S2) in electron mobility.

Right graphs of FIG. 4 are graphs on which the values of
current density are plotted with respect to the thickness of the
oxide semiconductor layer (S3). Note that the electron den-
sity is an electron density when the gate voltage Vgis 3V and
the drain voltage Vd is 3 V. White circles, white triangles, and
white squares are plots of the S2\S3 interface, and black
circles, black triangles, and black squares are plots of the
S3\GI interface. In the right graphs of FIG. 4, the plots of the
values of electron density when the well depths are 0.4 eV, 0.3
eV, and 0.2 eV are shown in the top graph, the middle graph,
and the bottom graph, respectively. In each case, the circles
are plots of the electron density value in the case where the
thickness of the gate insulating film (GI) was 10 nm, the
triangles are plots of the electron density value in the case
where the thickness of the gate insulating film (GI) was 20
nm, and the squares are plots of the electron density value in
the case where the thickness of the gate insulating film (GI)
was 30 nm.

According to the right graphs of FIG. 4, the electron den-
sity at the S2\S3 interface was the same as or higher than the
electron density at the S3\Gl interface under some conditions.
That is, this result showed that, in some cases, many electrons
are induced to the oxide semiconductor layer (S3) by the
electric field of the gate electrode (GE). In the case where
many electrons were induced to the oxide semiconductor
layer (S3), the electric field of the gate electrode (GE) was
blocked with the oxide semiconductor layer (S3) whose elec-
tron density were increased. Consequently, it is probable that
the electric field applied to the oxide semiconductor layer
(S2) was weakened and the on-state current of the transistor
was decreased.

Specifically, in the case where the well depth was 0.2 eV
and the thickness of the gate insulating film (GI) was 10 nm,
the electron density at the S3\GI interface was greater than or
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equal to 1x10'%/cm? regardless of the thickness of the oxide
semiconductor layer (S3) (in the range of 5 nm to 50 nm). In
the case where the well depth was 0.2 eV and the thickness of
the gate insulating film (GI) was 20 nm, the electron density
atthe S3\GI interface was greater than or equal to 1x10**/cm>
when the thickness of the oxide semiconductor layer (S3) was
greater than or equal to 10 nm and less than or equal to 50 nm.
Inthe case where the well depth was 0.2 eV and the thickness
of the gate insulating film (GI) was 30 nm, the electron
density at the S3\GI interface was greater than or equal to
1x10®/cm> when the thickness of the oxide semiconductor
layer (S3) was greater than or equal to 20 nm and less than or
equal to 50 nm.

In the case where the well depth was 0.3 eV and the thick-
ness of the gate insulating film (GI) was 10 nm, the electron
density at the S3\GI interface was greater than or equal to
1x10®/cm> when the thickness of the oxide semiconductor
layer (S3) was greater than or equal to 10 nm and less than or
equal to 50 nm. In the case where the well depth was 0.3 eV
and the thickness of the gate insulating film (GI) was 20 nm,
the electron density at the S3\GI interface was greater than or
equal to 1x10"®/cm® when the thickness of the oxide semi-
conductor layer (S3) was greater than or equal to 40 nm and
less than or equal to 50 nm. In the case where the well depth
was 0.3 eV and the thickness of the gate insulating film (GI)
was 30 nm, the electron density at the S3\GI interface was less
than 1x10'%/cm> regardless of the thickness of the oxide
semiconductor layer (S3) (in the range of 5 nm to 50 nm).

In the case where the well depth was 0.4 eV, the electron
density at the S2\S3 interface was less than 1x10'%/cm® under
any conditions.

The above results showed that the oxide semiconductor
layer (S3) causes a decrease in the on-state current of the
transistor under some conditions.

Thus, this indicates that it is preferable to select each layer
under a condition that does not decrease the on-state current
of the transistor.

Specifically, in the case where the well depth was 0.2 eV
and the thickness of the gate insulating film (GI) was 20 nm,
the thickness of the oxide semiconductor layer (S3) may be
set to be smaller than 10 nm (or smaller than or equal to 5 nm).
Inthe case where the well depth was 0.2 eV and the thickness
of'the gate insulating film (GI) was 30 nm, the thickness of the
oxide semiconductor layer (S3) may be set to be smaller than
20 nm (or smaller than or equal to 10 nm).

In the case where the well depth was 0.3 eV and the thick-
ness of the gate insulating film (GI) was 10 nm, the thickness
of'the oxide semiconductor layer (S3) may be set to be smaller
than 10 nm (or smaller than or equal to 5 nm). In the case
where the well depth was 0.3 eV and the thickness of the gate
insulating film (GI) was 20 nm, the thickness of the oxide
semiconductor layer (S3) may be set to be smaller than 40 nm
(or smaller than or equal to 30 nm).

Alternatively, the well depth may be greater than or equal
t0 0.4 eV.
<Structure of Transistor with Less Deterioration Due to
DOS>

As described above, in the transistor including an oxide
semiconductor layer, DOS is likely to be formed at the inter-
face between the oxide semiconductor layer and an insulating
film. In addition, when the formed DOS traps charges, it
causes the threshold voltage of the transistor to be shifted.

For example, by employing a structure of a transistor hav-
ing a multilayer film, a channel can be separated from DOS;
however, the DOS itself cannot be eliminated completely. A
model of deterioration where DOS shifts the threshold volt-
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age of the transistor is considered. Further, a structure in
which the shift in the threshold voltage is reduced is also
considered.

FIG. 5A is an example of a cross-sectional view of the
transistor including an oxide semiconductor layer. The tran-
sistor illustrated in FIG. 5A includes a gate electrode (bg), a
gate insulating film (bg) over the gate electrode (bg), an oxide
semiconductor layer (S1) over the gate insulating film (bg), an
oxide semiconductor layer (S2) over the oxide semiconductor
layer (S1), a source electrode and a drain electrode over the
oxide semiconductor layer (S2), an oxide semiconductor
layer (S3) over the oxide semiconductor layer (S2) and the
source electrode and the drain electrode, a gate insulating film
(tg) over the oxide semiconductor layer (S3), and a gate
electrode (tg) over the gate insulating film (tg). Note that the
transistor illustrated in FIG. 5A includes the gate electrode
(bg) for easy understanding, but the deterioration model
described below can be applied to a transistor without the gate
electrode (bg). In addition, when the transistor does not
include the gate electrode (bg), the gate insulating film (bg)
serves as a base insulating film.

Here, the oxide semiconductor layer (S1) and the oxide
semiconductor layer (S3) include, for example, at least one
metal element, preferably at least two metal elements, further
preferably at least three metal elements of metal elements
contained in the oxide semiconductor layer (S2). In addition,
the gate insulating film (bg) does not include any of the metal
elements contained in the oxide semiconductor layer (S1), for
example. In addition, the gate insulating film (tg) does not
include any of the metal elements contained in the oxide
semiconductor layer (S3), for example.

The interface between the gate insulating film (bg) and the
oxide semiconductor layer (S1) is a bonding interface
between different substances, so that the DOS is increased. In
addition, the interface between the gate insulating film (tg)
and the oxide semiconductor layer (S3) is a bonding interface
between different substances, so that the DOS is increased.
On the other hand, the interface between the oxide semicon-
ductor layer (S1) and the oxide semiconductor layer (S2) is a
bonding interface between the same types of substances, so
that the DOS is decreased. In addition, the interface between
the oxide semiconductor layer (S3) and the oxide semicon-
ductor layer (S2) is a bonding interface between the same
types of substances, so that the DOS is decreased.

The DOS at the interface between the gate insulating film
(bg) and the oxide semiconductor layer (S1) is assumed to be
a charge trap. Further, the DOS at the interface between the
gate insulating film (tg) and the oxide semiconductor layer
(S3) is assumed to be a charge trap. In addition, when it is
assumed that a charge trapped in the DOS has an extremely
long charge relaxation time, the charge might shift the thresh-
old voltage of the transistor. A charge can be trapped in the
DOS, resulting from an operation stress of the transistor.

Here, the charge trapped in the DOS at the interface
between the gate insulating film (bg) and the oxide semicon-
ductor layer (S1) is referred to as Q,,. The charge trapped in
the DOS at the interface between the gate insulating film (tg)
and the oxide semiconductor layer (S3) is referred to as Q.
It is verified below that Q. , and Q,,, shift the threshold volt-
age of the transistor.

Note that the potential of the gate electrode (bg) is fixed, for
example. Accordingly, the transistor is controlled to be turned
on or off, for example, by the gate electrode (tg). FIG. SA
illustrates the state where the gate electrode (bg) and the gate
insulating film (bg) are provided, as an non-limiting example.
As the gate electrode (bg), a conductive layer, a semiconduc-
tor layer, or a semiconductor layer (e.g., a p-type semicon-
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ductor or an n-type semiconductor) supplied with an impurity
may be provided. In addition, the gate electrode (bg) does not
necessarily function as a gate electrode. The gate insulating
film (bg) does not necessarily function as a gate insulating
film.

FIG. 5B is an equivalent circuit of a stacked-layer structure
up to the gate electrode (tg) from the gate electrode (bg) in the
transistor in FIG. 5A. The capacitance of the gate insulating
film (bg) is referred to as C,,, the capacitance of the oxide
semiconductor layer (S1) is referred to as C,, the capacitance
of'the oxide semiconductor layer (S2) is referred to as Cg,,, the
capacitance of the oxide semiconductor layer (S3) is referred
to as Cg;, and the capacitance of the gate insulating film (tg)
is referred to as C,,. As illustrated in FIG. 5B, the stacked-
layer structure up to the gate electrode (tg) from the gate
electrode (bg) in the transistor in FIG. 5A can be illustrated as
an equivalent circuit having a capacitor where components
between the gate electrode (bg) and the gate electrode (tg),
i.e., the gate insulating film (bg), the oxide semiconductor
layer (S1), the oxide semiconductor layer (S2), the oxide
semiconductor layer (S3), and the gate insulating film (tg) are
connected in series.

The potential of the gate electrode (bg) is V,, and the
potential of the gate electrode (tg) is V. The potential of the
interface between the gate insulating film (bg) and the oxide
semiconductor layer (S1) is ¢, ,, the potential of the interface
between the oxide semiconductor layer (S1) and the oxide
semiconductor layer (S2) is ¢, the potential of the interface
between the oxide semiconductor layer (S2) and the oxide
semiconductor layer (S3) is ¢g,,, and the potential of the
interface between the oxide semiconductor layer (S3) and the
gate insulating film (tg) is ¢,

The gate insulating film (bg) has a charge —(Q,,,+Qs;) on
the gate electrode (bg) side, and a charge Q,,,+Qs, on the
oxidelayer (S1) side. The oxide semiconductor layer (S1) has
a charge -Qg, on the gate insulating film (bg) side, and a
charge Qg, on the oxide semiconductor layer (S2) side. The
oxide semiconductor layer (S2) has a charge —Qg, on the
oxide semiconductor layer (S1) side, and a charge Q, on the
oxide semiconductor layer (S3) side. The oxide semiconduc-
tor layer (S3) has a charge -Q; on the oxide semiconductor
layer (S2) side, and has a charge Qg5 on the gate insulating
film (tg) side. The gate insulating film (tg) has a charge
Q.,~Qs; on the oxide semiconductor layer (S3) side, and has
a charge —(Q,,~Q;) on the gate electrode (tg) side.

The relations between capacitances and charges are
expressed below. Note that the oxide semiconductor layer
(S1) and the oxide semiconductor layer (S3) are assumed to
be insulators.

In the gate insulating film (tg), the relation between a
capacitance and a charge is expressed by Formula (1).

Ctgl. ( Vtg_ V/bt)_q)sstJ:_(stt_ Os3)

In the oxide semiconductor layer (S3), the relation between
a capacitance and a charge is expressed by Formula (2).

[Formula 1]

Cs3@ecr9520=0s3

In the oxide semiconductor layer (S2), the relation between
a capacitance and a charge is expressed by Formula (3).

[Formula 2]

Cors2~P525)=0s2

In the oxide semiconductor layer (S1), the relation between
a capacitance and a charge is expressed by Formula (4).

[Formula 3]

Cs1 @525~ 9:5)=0Os1 [Formula 4]
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In the gate insulating film (bg), the relation between a
capacitance and a charge is expressed by Formula (5).

Cogloes= Vo= Vip) 0,0+ 051 [Formula 5]

Next, Formula (6) is obtained by eliminating ¢, , from
Formula (1) and Formula (2). Note that V,,, is a flat band
voltage.

Osst ( 1 [Formula 6]

(Vrg - ijr) — st —— = C_rg

1
o + —]st

Cs3

In addition, Formula (7) is obtained by eliminating ¢,
fromFormula (4) and Formula (5). Note that V ,, is a flatband
voltage.

Ossh
Che

[Formula 7]

1 1
Bs2p — (Vg = Vi) — :(C_bg+ C—Sl]Qn

The whole oxide semiconductor layer (S2) is assumed to
be depleted. In other words, ¢(x)<0 is satisfied when O<x<tg,
where tg, 1s a thickness of the oxide semiconductor layer (S2).
At this time, Poisson’s equation in the oxide semiconductor
layer (S2) is expressed by Formula (8).

& @ [Formula 8]

B e(Np —n)
dx?

€52

In Formula (8), e is an elementary charge, N, is a donor
density of the oxide semiconductor layer (S2), n is an electron
density of the oxide semiconductor layer (S2), and €, is a
dielectric constant of the oxide semiconductor layer (S2).

When the whole oxide semiconductor layer (S2) is
depleted, Formula (8) can be approximated to Formula (9)
because of N,>>n.

F o) _ eNp [Formula 9]

dx? " &g

Next, Formula (9) is modified into Formula (10) and For-
mula (11) where E(x) is an electric field in a film-thickness
direction and k; and k, are undetermined coefficients.

i Formula 10
B = -2 Lkt ky [Formula 10]
2esa
Ex) =- d¢ _eNp —K [Formula 11]
dx &g

Under boundary conditions ¢(0)=¢,, and ¢(tss)=0sss, K;
and k, are obtained as expressed in Formula (12) and Formula
(13) from Formula (10) and Formula (11).

_ Psop — s N eNplsy [Formula 12]

Is2

ky = s

k
! 2es52

[Formula 13]
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In addition, based on Gauss’s law, a surface charge density
is expressed by Formula (14) and Formula (15).

053=EL(0) [Formula 14]

O51=EnL(ls)

Accordingly, Qg5 and Qg are obtained as expressed by
Formula (16) and Formula (17).

[Formula 15]

eNpisy

[Formula 16]
Qs3 = Cs2(Ps2r — Psan) — -

eNpisy [Formula 17]
2

Os1 = Cs2(psr — Psaw) + ——

Formula (18) and Formula (19) are obtained by substitut-
ing Formula (16) and Formula (17) into Formula (6) and
Formula (7).

Osst [( 1 1 ] [Formula 18]
Vie=Va)+— =||l=—+=—|Cs2 +1 -
(Vig = Vi) o C. T x 52 D2
1 1 eNpis,
(C_rg + C_53](C52¢52b +— )
Ossp [Formula 19]

1 1
Vg — V) + =——=—+=—
(Vig = Vipe) Chg (Cbg C51]

eNpis, 1 1
22| o

(C52¢Szr + D52

Here, when a channel of a transistor is assumed to be
formed at the side of the interface between the oxide semi-
conductor layer (S1) and the oxide semiconductor layer (S2),
the threshold voltage V ;, is V,, when ¢,,=0. Therefore, For-
mula (18) and Formula (19) are calculated as simultaneous
equations and ¢, is eliminated, so that the threshold voltage
V,, is obtained as expressed in Formula (20).

Osst
Cig

[Formula 20]

Vin = Vﬂ;r -

(1+1+1] O 100+ Cog(Vig = Vi)l
Cy Cs1 Cs2)Cpg +Csy ssb ™ Tbel Thg T T fbh

(1 1 1 ]N
C_,£,+C_53+_2C52 eNplsy

Accordingly, the shiftamount AV, in the threshold voltage
V,, due to the charge Q,,, and the charge Q,,, is expressed in
Formula (21).

Qur
Cig

Cs1

(1 N 1 N 1 ] [Formula 21]
Cry Cs3 Cs2)Cpg +Cyp

AVy=-

[

According to the above formula, Q,,, contributes less to
AV,, by increasing Cg; (e.g., the thickness of the oxide semi-
conductor layer (S3) is reduced). Q,,, contributes less to AV,
by increasing Cs, (e.g., the thickness of the oxide semicon-
ductor layer (S2) is reduced). Q,,, contributes less to AV, by
decreasing C;1 (e.g., the thickness of the oxide semiconduc-
tor layer (S1) is increased).

In addition, by increasing C,, (the thickness of the gate
insulating film (tg) is reduced), Q,, contributes less to AV ;.
By increasing C,,, (the thickness of the gate insulating film
(bg) is reduced), Q,,, contributes less to AV,
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On the other hand, Cg;, Cs,, and Cg, do not contribute to
Q. In addition, by increasing C,, (reducing the thickness of
the gate insulating film (tg)), Q,,, contributes less to AV,

Therefore, the oxide semiconductor layer (S3) should be
thinned so that the shift amount in the threshold voltage due to
DOS can be reduced in the transistor illustrated in FIG. 5A.
Alternatively, the oxide semiconductor layer (S2) should be
thinned. Alternatively, the oxide semiconductor layer (S1)
should be thickened. Alternatively, the gate insulating film
(tg) should be thinned. Alternatively, the gate insulating film
(bg) should be thinned.

Further, the channel of the transistor is formed in the oxide
semiconductor layer (S2). In other words, the oxide semicon-
ductor layer (S1) and the oxide semiconductor layer (S3) have
energy (Ec) at the bottom of the conduction band higher than
that of'the oxide semiconductor layer (S2). The band structure
at this time of the transistor is illustrated in FIGS. 6A and 6B.

In the above-described model of deterioration, the poten-
tial of DOS at the interface between the gate insulating film
(bg) and the oxide semiconductor layer (S1) and the potential
of DOS at the interface between the gate insulating film (tg)
and the oxide semiconductor layer (S3) are lower than the
Fermi level. In this case, when the potentials of the gate
electrode (bg) and the gate electrode (tg) are 0V, electrons are
trapped in the DOS at the interface with the gate electrode
(bg) and in the DOS at the interface with the gate electrode
(tg), and acharge Q,, and a charge Q_, are accumulated (see
FIG. 6A).

On the other hand, when the transistor includes the oxide
semiconductor layer (S1) and the oxide semiconductor layer
(S3), the potentials of DOS at the interfaces are higher than
Fermi level (are closer to energy at the bottom of the conduc-
tion band) as compared to the transistor not including the
oxide semiconductor layer (S1) and the oxide semiconductor
layer (S3) in some cases. When the potentials of DOS at the
interfaces are higher than the Fermi level, electrons are not
trapped in DOS at the interfaces and thus the charge Q.,, and
the charge Q.,, are not accumulated (see FIG. 6B). In addi-
tion, by application of voltage to the gate electrode (tg) or the
like, charges are trapped in the DOS at the interfaces in some
cases. The trapped charge is eliminated in a short relaxation
time because the potential of DOS at each interface is close to
energy at the bottom of the conduction band. Accordingly, the
DOS at each interface hardly causes the shift in the threshold
voltage of the transistor.

As illustrated in FIG. 6B, because of the magnitude rela-
tion between the potential of DOS at each interface and the
Fermi level, the charge Q_,, is not accumulated by formation
of the oxide semiconductor layer (S3) in some cases. When
the charge Q,, is not accumulated, the reliability of the tran-
sistor is high because the cause of deterioration does not exist.

Based on the model of deterioration is described the struc-
ture in which the shift amount in the threshold voltage is
reduced in the transistor having the multilayer film. In order to
reduce the shift amount in the threshold voltage due to DOS,
the thickness of the oxide semiconductor layer near the gate
electrode controlling on/off of the transistor should be
reduced. In addition, the thickness of the oxide semiconduc-
tor layer far from the gate electrode controlling on/off of the
transistor should be increased.
<Model of DOS in Oxide Semiconductor Layer and DOS-
Causing Flement>

As described above, when DOS is present inside an oxide
semiconductor layer and in the vicinity of the interface
between the oxide semiconductor layer and the outside, the
DOS causes deterioration of a transistor including the oxide

sst
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semiconductor layer. Thus, knowing the origin of DOS in an
oxide semiconductor layer leads to knowing the deterioration
of a transistor.

The DOS inside an oxide semiconductor layer and in the
vicinity of the interface between the oxide semiconductor
layer and the outside can be explained in terms of positions of
and bonding between oxygen (O), oxygen vacancy (Vo), and
hydrogen (H). A concept of our model is described.

A conclusion is that it is necessary to reduce oxygen vacan-
cies and hydrogen to reduce DOS inside the oxide semicon-
ductor layer and in the vicinity of the interface. It is explained
below with a model why oxygen vacancies and hydrogen
should be reduced for minimizing DOS inside an oxide semi-
conductor layer and in the vicinity of the interface.

FIG. 7 illustrates a band structure of DOS inside an oxide
semiconductor layer and in the vicinity of the interface of the
oxide semiconductor layer. DOS formed when the oxide
semiconductor layer is an oxide semiconductor layer contain-
ing indium, gallium, and zinc is described below.

There are two types of DOS, DOS at a shallow level (shal-
low level DOS) and DOS at a deep level (deep level DOS).
Note that in this specification, the shallow level DOS refers to
DOS between energy at the bottom of the conduction band
(Ec) and energy at the mid gap. Thus, for example, the shal-
low level DOS is located closer to energy at the bottom of the
conduction band. Note that in this specification, the deep level
DOS refers to DOS between energy at the top of the valence
band (Ev) and energy at the mid gap. Thus, for example, the
deep level DOS is located closer to energy at the mid gap than
to energy at the top of the valence band.

Thus, considering DOS in an oxide semiconductor layer,
there are two types of shallow level DOS. One is DOS in the
vicinity of a surface of the oxide semiconductor layer (at the
interface with an insulating film or in the vicinity of the
interface with the insulating film), that is, surface shallow
DOS. The other is DOS inside the oxide semiconductor layer,
that is, bulk shallow DOS. Furthermore, as a type of the deep
level DOS, there is DOS inside the oxide semiconductor
layer, that is, bulk deep DOS.

These types of DOS are likely to act as described below.
The surface shallow DOS in the vicinity of the surface of an
oxide semiconductor layer is located at a shallow level from
the bottom of the conduction band, and thus trapping and loss
of'a charge are likely to occur easily. The bulk shallow DOS
inside the oxide semiconductor layer is located at a deep level
from the bottom of the conduction band as compared to the
surface shallow DOS in the vicinity of the surface of the oxide
semiconductor layer, and thus loss of a charge does not easily
occur.

An element causing DOS in an oxide semiconductor layer
is described below.

For example, when a silicon oxide film is formed over an
oxide semiconductor layer, in some cases, indium contained
in the oxide semiconductor layer is taken into the silicon
oxide film and replaces silicon to form a shallow level DOS.

For example, in the interface between the oxide semicon-
ductor layer and the silicon oxide film, a bond between oxy-
gen and indium contained in the oxide semiconductor layer is
broken and a bond between the oxygen and silicon is gener-
ated. This is because the bonding energy between silicon and
oxygen is higher than the bonding energy between indium
and oxygen, and the valence of silicon (tetravalence) is larger
than the valence of indium (trivalence). Oxygen contained in
the oxide semiconductor layer is trapped by silicon, so that a
site of oxygen that has been bonded to indium becomes an
oxygen vacancy. In addition, this phenomenon occurs simi-
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larly when silicon is contained inside the oxide semiconduc-
tor layer, as well as in the surface. Such an oxygen vacancy
forms a deep level DOS.

Another cause as well as silicon can break the bonding
between indium and oxygen. For example, in an oxide semi-
conductor layer containing indium, gallium, and zinc, the
bonding between indium and oxygen is weaker and cut more
easily than the bonding between oxygen and gallium or zinc.
For this reason, the bonding between indium and oxygen is
broken by plasma damages or damages due to sputtering
particles, so that an oxygen vacancy might be generated. The
oxygen vacancy forms a deep level DOS. The deep level DOS
can trap a hole and thus serve as a hole trap (hole trapping
center). This means that the oxygen vacancy forms a bulk
deep DOS inside the oxide semiconductor layer.

The deep level DOS formed by such oxygen vacancies is
one of causes of formation of the surface shallow DOS in the
vicinity of the surface of an oxide semiconductor layer or the
bulk shallow DOS inside an oxide semiconductor layer
because of hydrogen, as will be described below.

Such oxygen vacancies form DOS, and thus are an insta-
bility factor to the oxide semiconductor layer. In addition, an
oxygen vacancy in the oxide semiconductor layer traps
hydrogen to be metastable. In other words, when an oxygen
vacancy that is in the deep level DOS and serves as a hole trap
capable of capturing a hole traps hydrogen, a shallow level
DOS is formed. As a result, the shallow level DOS can serve
as an electron trap that can trap an electron or serve as a
generator of an electron. In this manner, an oxygen vacancy
traps hydrogen. However, an oxygen vacancy can be posi-
tively (neutrally or positively) charged or negatively (neu-
trally or negatively) charged, depending on a location of
hydrogen in the oxide semiconductor layer. Thus, hydrogen
might give an adverse effect on a transistor including the
oxide semiconductor layer.

FIG. 8 is an example of a schematic cross-sectional view of
a bottom-gate and top-contact transistor. An oxide semicon-
ductor layer (OS) has a surface shallow DOS in the vicinity of
the interface with an insulating film. An electron is trapped in
the surface shallow DOS and the DOS is negatively charged.
Thus, the surface shallow DOS causes the threshold voltage
of the transistor to be shifted.

Therefore, it is important to reduce the density of oxygen
vacancies so that the oxygen vacancies do not give an adverse
effect onthe transistor. The density of oxygen vacancies in the
oxide semiconductor layer can be reduced in such a manner
that excess oxygen is supplied to the oxide semiconductor
layer, that is, oxygen vacancies are compensated with excess
oxygen. The oxygen vacancies can be stable and electrically
neutral by entry of excess oxygen. For example, when excess
oxygen is supplied into the oxide semiconductor layer or an
insulating film formed near the interface with the oxide semi-
conductor layer, the excess oxygen compensates for oxygen
vacancies in the oxide semiconductor layer, thereby effec-
tively eliminating or reducing oxygen vacancies in the oxide
semiconductor layer.

As described above, the oxygen vacancy may become a
metastable state or a stable state by hydrogen or oxygen. In
the case where the concentration of hydrogen in the oxide
semiconductor layer is high, more oxygen vacancies trap
hydrogen. In addition, when hydrogen exists in an oxygen
vacancy and excess oxygen is supplied, the excess oxygen has
a function of removing hydrogen from the oxygen vacancy
first. Thus, excess oxygen compensates for the oxygen
vacancy after removing hydrogen. Accordingly, when the
concentration of hydrogen in the oxide semiconductor layer
is high, the number of the oxygen vacancies reduced by
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excess oxygen gets smaller. On the other hand, when the
concentration of hydrogen in the oxide semiconductor layer
is low, less hydrogen is trapped by oxygen vacancies. There-
fore, by supplying excess oxygen, the density of oxygen
vacancies can be greatly reduced.

As described above, an oxygen vacancy traps hydrogen
and can be positively (neutrally or positively) charged or
negatively (neutrally or negatively) charged, depending on
the way how hydrogen is trapped. Here, the bulk shallow
DOS inside an oxide semiconductor layer and the surface
shallow DOS in the vicinity of the surface are considered. The
fact that these types of shallow level DOS are charged neu-
trally or negatively, or neutrally or positively can be under-
stood in consideration of only relative positions of hydrogen
(a hydrogen bond), an oxygen vacancy, and oxygen. For
example, inside the oxide semiconductor layer, hydrogen is
trapped by an oxygen vacancy to form VoH, and it is charged
neutrally or positively. In other words, H"+e™ forms a bulk
shallow DOS inside the oxide semiconductor layer to form an
n-type region in the oxide semiconductor layer.

Hydrogen can be charged neutrally or negatively, as well as
being charged neutrally or positively. In light of that, models
of formation of the bulk shallow DOS inside the oxide semi-
conductor layer and the surface shallow DOS in the vicinity
of the surface of the oxide semiconductor layer are provided
as described below. Note that the symbol [ . .. | in the models
does not denote a bond or bonding and is used to be distin-
guished from the symbol [-] indicating an ionic bond.

Models where the bonding between oxygen and indium
contained in the oxide semiconductor layer is broken, the
bonding between the oxygen and silicon is formed, and
hydrogen exists are shown in Table 1.

TABLE 1
Model Type of defect
Model A In...Vo HO«O>—Si
Model B In...VoH>" 0> —Si
Model C In...Vo H>*—0%>—In
Model D In...VoH® 0% —In

For example, Model A is a model where hydrogen and
oxygen are bonded.

For example, Model B is a model where hydrogen is
trapped by an oxygen vacancy.

The same applies to a model where silicon is replaced with
indium. For example, Model C is a model where hydrogen
and oxygen are bonded.

For example, Model D is a model where hydrogen is
trapped by an oxygen vacancy.

Such four models A to D can be considered. With the
models, either charging neutrally or positively or charging
neutrally or negatively can be explained. Note that because
the bonding with silicon is stronger than the bonding with
indium, the probability of Model B is lower than that of
Model D.

Accordingly, hydrogen is likely to be charged either posi-
tively or negatively depending on relative positions of hydro-
gen, an oxygen vacancy, and oxygen. In other words, an
oxygen vacancy and hydrogen can form a positively-charged
DOS or a negatively-charged DOS. The DOS can be charged
positively or negatively depending on surroundings (elec-
tronegativity of an element existing peripherally).
<Model of Hysteresis Deterioration in Dark State of Transis-
tor Including Oxide Semiconductor Layer>

A mechanism in deterioration of a transistor including an
oxide semiconductor layer is described next. The transistor
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including an oxide semiconductor layer deteriorates difter-
ently depending on whether or not the transistor is irradiated
with light. When the transistor is irradiated with light, dete-
rioration is likely to result from the bulk deep DOS at the deep
level inside the oxide semiconductor layer. When the transis-
tor is not irradiated with light, deterioration is likely to result
from the surface shallow DOS at the shallow level in the
vicinity of the surface of the oxide semiconductor layer (at the
interface with an insulating film or in the vicinity thereof).

Thus, a state where the transistor including an oxide semi-
conductor layer is not irradiated with light (dark state) is
described. As for this state, the deterioration mechanism of
the transistor can be explained on the basis of trapping and
releasing of a charge by the surface shallow DOS at the
shallow level in the vicinity of the surface of the oxide semi-
conductor layer (at the interface with an insulating film or in
the vicinity of the interface).

FIG. 9 shows shifts in a threshold voltage (Vth) when the
transistor including an oxide semiconductor layer is sub-
jected to a gate bias temperature (BT) stress test repeatedly in
a dark state. As apparent from FIG. 9, the threshold voltage is
shifted to a positive side by the positive gate BT (+GBT)
stress test. Then, the transistor is subjected to a negative gate
BT (-GBT) stress test, so that the threshold voltage is shifted
to a negative side and is substantially equal to the initial value
(Initial). In this manner, by repeating the positive gate BT
stress test and the negative gate BT stress test alternately, the
threshold voltage is shifted positively and negatively (i.e., a
hysteresis occurs). In other words, it is found that, when the
positive gate BT stress test and the negative gate BT stress test
are repeated without light irradiation, the threshold voltage is
shifted alternately to a positive side and then a negative side,
but the shift fits in certain range as a whole.

The shifts in the threshold voltage of the transistor due to
the gate BT stress test in the dark state can be explained with
the surface shallow DOS in the vicinity of the surface of an
oxide semiconductor layer. FIG. 10 illustrates a band struc-
ture of an oxide semiconductor layer and flow charts corre-
sponding to the band structure. Here, because the mechanism
of deterioration when the transistor is not irradiated with light
is considered, light irradiation is not performed before, dur-
ing, and after the gate BT stress test.

Before application of the gate BT stress (at the gate voltage
(Vg) of 0 V), the surface shallow DOS in the vicinity of the
surface of an oxide semiconductor layer has energy higher
than the Fermi level (Ef) and is electrically neutral because an
electron is not trapped (Step S101). The threshold voltage
measured at this time is set as an initial value before the gate
BT stress is applied.

Next, a positive gate voltage is applied as the positive gate
BT stress test (dark state). When the positive gate voltage is
applied, the conduction band is curved and the energy of the
surface shallow DOS in the vicinity of the surface of the oxide
semiconductor layer becomes lower than the Fermi level.
Thus, an electron is trapped in the surface shallow DOS in the
vicinity of the surface of the oxide semiconductor layer, so
that the DOS is charged negatively (Step S102).

Next, the application of stress is stopped such that the gate
voltage is O V. By the gate voltage at 0V, the surface shallow
DOS in the vicinity of the surface of an oxide semiconductor
layer has energy higher than the Fermi level. However, it takes
a long time for the electron trapped in the surface shallow
DOS in the vicinity of the surface of the oxide semiconductor
layer to be released. Thus, the surface shallow DOS in the
vicinity of the surface of the oxide semiconductor layer
remains charged negatively (Step S103). At this time, a chan-
nel formation region of the transistor is being subjected to
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application of a negative voltage as well as the gate voltage.
Accordingly, a gate voltage that is higher than the initial value
should be applied so as to turn on the transistor, so that the
threshold voltage is shifted to a positive side. In other words,
the transistor tends to be normally off.

Next, a negative gate voltage is applied as the negative gate
BT stress test (dark state). When the negative gate voltage is
applied, the conduction band is curved and the energy of the
surface shallow DOS in the vicinity of the surface of the oxide
semiconductor layer becomes much higher. Thus, the elec-
tron trapped in the surface shallow DOS in the vicinity of the
surface of the oxide semiconductor layer is released, so that
the DOS becomes electrically neutral (Step S104). Because
of'the release of the electron, the threshold voltage is likely to
be substantially equal to the initial value before the gate BT
stress tests.

Next, the application of stress is stopped such that the gate
voltage is 0 V. The surface shallow DOS in the vicinity of the
surface of an oxide semiconductor layer at this time has
released the trapped electron and is electrically neutral (Step
S101). Thus, the threshold voltage is shifted to a positive side,
so that it returns to the initial value before the gate BT stress
tests. The negative gate BT test and the positive gate BT stress
test are repeated without irradiation with light, so that the
threshold voltage is shifted repeatedly to the positive side and
to the negative side. However, an electron trapped in the
surface shallow DOS in the vicinity of the surface of an oxide
semiconductor layer at the time of the positive gate BT stress
test is released at the time of the negative gate BT stress test;
therefore, it is found that the threshold voltage is shifted
within a certain range as a whole.

As described above, the shift in the threshold voltage of a
transistor due to the gate BT stress test in a dark state can be
explained on the basis of the understanding of the surface
shallow DOS in the vicinity of the surface of the oxide semi-
conductor layer.
<Model of Deterioration of Transistor Including Oxide Semi-
conductor Layer Under Light Irradiation>

As described above, deterioration of a transistor including
an oxide semiconductor layer occurs differently depending
on whether or not the transistor is irradiated with light. Dete-
rioration without light irradiation has been described above.
Thus, a deterioration mechanism under light irradiation is
described here. The deterioration with light irradiation is
related to the bulk deep DOS at the deep level inside the oxide
semiconductor layer. The deterioration mechanism of the
transistor with light irradiation (in a bright state) is explained
on the basis of the trapping and releasing of an electron in the
bulk deep DOS at the deep level inside the oxide semicon-
ductor layer.

FIG. 11 shows the shift in the threshold voltage (Vth) when
the gate BT stress test is repeatedly conducted on the transis-
tor including an oxide semiconductor layer under light irra-
diation. As shown in FIG. 11, the threshold voltage (Vth) is
shifted from the initial value (Initial).

InFIG. 11, a value measured when the gate BT stress is not
applied and light is shielded (dark state) is plotted as the initial
value of the threshold voltage. Then, the threshold voltage is
measured under light irradiation (bright state) without appli-
cation of the gate BT stress. As a result, the threshold voltage
under light irradiation (bright state) is shifted to a negative
side greatly from the threshold voltage under light-shielding
state (dark state). This is likely to occur because an electron
and a hole are generated by light irradiation and the generated
electron is excited to the conduction band. In other words,
even when the gate BT stress is not applied, the threshold
voltage of the transistor including an oxide semiconductor
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layer is shifted to a negative side by light irradiation, so that
the transistor is easily normally on. In this case, fewer elec-
trons are excited as the energy gap of the oxide semiconductor
layer gets larger or as DOS in the gap got lower. For that
reason, the shift in the threshold voltage due to light irradia-
tion is small in that case.

Then when the negative gate BT stress is applied under
light irradiation (-GBT), the threshold voltage is further
shifted to a negative side. This probably occurs because a hole
trapped in the bulk deep DOS inside the oxide semiconductor
layer is injected to a non bridging oxygen hole center
(NBOHC) in a gate insulating film (GI) by an electric field
and is charged positively.

After that, the positive gate BT (+GBT) stress test is con-
ducted under light irradiation, so that the threshold voltage is
shifted to a positive side. This is likely to occur because the
number of holes in the non bridging oxygen hole center
(NBOHC) in the gate insulating film is reduced by the electric
field. However, because the threshold voltage does not return
completely to the initial value, it is found that not all of the
holes trapped in the gate insulating film are released.

Further, when the negative gate BT stress test and the
positive gate BT stress test are repeated under light irradia-
tion, the threshold voltage is shifted to a positive side and a
negative side (up and down) repeatedly; as a result, it is found
that the threshold voltage is shifted gradually to a negative
side as a whole. This can be considered to result from the hole
trapped in the non bridging oxygen hole center NBOHC) in
the gate insulating film. In other words, the number ofholes in
the non bridging oxygen hole center (NBOHC) is reduced by
the positive gate BT stress test. Note that not all of the holes
are released and some of the holes are left in the non bridging
oxygen hole center (NBOHC) in the gate insulating film.
Furthermore, when the negative gate BT stress test is con-
ducted with some of the holes left, holes are added to the
bridging oxygen hole center (NBOHC) in the gate insulating
film so as to be accumulated on the holes left in bridging
oxygen hole center (NBOHC). When the positive gate BT
stress test is conducted again, the holes in the non bridging
oxygen hole center (NBOHC) in the gate insulating film is
slightly reduced, and then by the next negative gate BT stress
test, holes are added again. In other words, by the positive gate
BT stress test, the holes in the non bridging oxygen hole
center (NBOHC) in the gate insulating film are reduced, but
some of the holes are left, and by the next negative gate BT
stress test, holes are added to the non bridging oxygen hole
center (NBOHC) in the gate insulating film. As a result, the
threshold voltage is shifted repeatedly to the positive side and
the negative side, and as a whole, the threshold voltage is
shifted to a negative side gradually.

Inthe gate BT stress tests (where the positive gate BT stress
test and the negative gate BT stress test are repeated) under
light irradiation, a mechanism of the shift in the threshold
voltage of the transistor is explained with reference to the
band structures in FIG. 12 and FIG. 13. With reference to FIG.
12 and FIG. 13, the bulk deep DOS inside the oxide semicon-
ductor layer and the non bridging oxygen hole centers
(NBOHC1 and NBOHC?2) in the gate insulating film are
described. Note that the non bridging oxygen hole center
(NBOHC1) is NBOHC that is located closer to the interface
with the oxide semiconductor layer (on the surface side) than
the non bridging oxygen hole center (NBOHC2) is.

Before the gate BT stress test and light irradiation (when
the gate voltage (Vg) is 0 V), the bulk deep DOS inside the
oxide semiconductor layer has energy lower than the Fermi
level (Ef), and is electrically neutral because holes are not
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trapped (Step S111). At this time, the threshold voltage mea-
sured in the dark state is regarded as the initial value in the
dark state.

Next, the oxide semiconductor layer is irradiated with light
without being subjected to the gate BT stress, so that electrons
and holes are generated (Step S112). The generated electrons
are excited to the conduction band, so that the threshold
voltage is shifted to a negative side (electrons are not
described in the subsequent steps). In addition, the generated
holes lower the quasi-Fermi level (Efp) of holes. Since the
quasi-Fermi level (Efp) of holes is reduced, holes are trapped
in the bulk deep DOS inside the oxide semiconductor layer
(Step S113). Accordingly, under light irradiation without the
gate BT stress test, the threshold voltage is shifted to the
negative side, so that the transistor easily becomes normally
on, unlike the transistor in the dark state.

Next, the negative gate BT stress test is conducted under
light irradiation, so that an electric field gradient is generated
and holes trapped in the bulk deep DOS inside the oxide
semiconductor layer are injected to the non bridging oxygen
hole center (NBOHC1) in the gate insulating film (Step
S114). In addition, as illustrated in FIG. 13, some holes move
into the non bridging oxygen hole centers NBOHC?2) further
inside the gate insulating film by the electric field (Step
S115). The movement of holes from the non bridging oxygen
hole centers (NBOHC1) to the non bridging oxygen hole
centers (NBOHC?2) in the gate insulating film progresses with
time of the electric field application. The holes in the non
bridging oxygen hole centers (NBOHC1 and NBOHC2) in
the gate insulating film act as positively-charged fixed
charges, and shift the threshold voltage to the negative side, so
that the transistor easily becomes normally on.

Light irradiation and the negative gate BT stress test are
described as different steps for easy understanding, but the
present invention is not construed as being limited to descrip-
tion in this embodiment. For example, Step S112to Step S115
can occur in parallel.

Next, the positive gate BT stress test is conducted under
light irradiation, and holes trapped in the bulk deep DOS
inside the oxide semiconductor layer and holes in the non
bridging oxygen hole centers (NBOHC1) in the gate insulat-
ing film are released by the application of the positive gate
voltage (Step S116). Thus, the threshold voltage is shifted to
the positive side. Note that because the non bridging oxygen
hole center (NBOHC?2) in the gate insulating film is at the
deep level inside the gate insulating film, almost no holes in
the non bridging oxygen hole centers (NBOHC?2) are directly
released even when the positive gate BT stress test is con-
ducted under light irradiation. In order that the holes in the
non bridging oxygen hole center (NBOHC2) in the gate insu-
lating film can be released, the holes should move once to the
non bridging oxygen hole centers (NBOHC1) on the surface
side. The movement of a hole from the non bridging oxygen
hole center (NBOHC?2) to the non bridging oxygen hole cen-
ter (NBOHC1) in the gate insulating film progresses little by
little with the time of electric field application. Therefore, the
shift amount to the positive side of the threshold voltage is
small, and the threshold voltage does not return completely to
the initial value.

In addition, the movement of a hole occurs between the non
bridging oxygen hole center NBOHC1) in the gate insulating
film and the bulk deep DOS inside the oxide semiconductor
layer. However, because many holes have been trapped in the
bulk deep DOS inside the oxide semiconductor layer, the
whole electric charge amount of the oxide semiconductor
layer and the gate insulating film can be hardly reduced.
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Next, the negative gate BT stress test is conducted again
under light irradiation, so that an electric field gradient occurs
and holes trapped in the bulk deep DOS inside the oxide
semiconductor layer are injected into the non bridging oxy-
gen hole center (NBOHC1) in the gate insulating film. In
addition, some of the holes are injected into the non bridging
oxygen hole center (NBOHC?2) further inside the gate insu-
lating film by an electric field (Step S117). Note that the holes
in the non bridging oxygen hole centers (NBOHC2) in the
gate insulating film, which have been injected thereinto in
Step S115, are left without being released. Thus, more holes
are injected, so that the number of holes serving as fixed
charges is increased. The threshold voltage is further shifted
to the negative side, so that the transistor easily becomes
normally on.

Next, the positive gate BT stress test is conducted under
light irradiation, so that holes trapped in the bulk deep DOS
inside the oxide semiconductor layer and holes in the non
bridging oxygen hole center NBOHC1) in the gate insulating
film are released by application of the positive gate voltage
(Step S118). As aresult, the threshold voltage is shifted to the
positive side. However, the holes in the non bridging oxygen
hole center (NBOHC?2) in the gate insulating film are hardly
released. Accordingly, the shift amount to the positive side of
the threshold voltage is small, and the threshold voltage does
not return completely to the initial value.

By repeating the negative gate BT stress test and the posi-
tive gate BT stress test under light irradiation as described
above, the threshold voltage is shifted to the positive side and
the negative side repeatedly; therefore the threshold voltage is
gradually shifted to the negative side as a whole.

The shift in the threshold voltage of the transistor in the
gate BT stress test under light irradiation can be explained on
the basis of the bulk deep DOS inside the oxide semiconduc-
tor layer and the non bridging oxygen hole centers (NBOHC1
and NBOHC?2) in the gate insulating film.
<Process Model of Dehydration and Dehydrogenation of
Oxide Semiconductor Layer and Addition of Oxygen to
Oxide Semiconductor Layer>

In order to fabricate a transistor with stable electrical char-
acteristics, it is important to reduce the DOS inside the oxide
semiconductor layer and in the vicinity of the interface of the
oxide semiconductor layer (to make a highly purified intrinsic
state). A process model where the oxide semiconductor layer
is highly purified to be intrinsic is described below. Dehydra-
tion and dehydrogenation of the oxide semiconductor layer
are described first and then addition of oxygen where an
oxygen vacancy (Vo) is compensated with oxygen is
described.

A model where the bonding between indium and oxygen is
broken to form an oxygen vacancy is described.

When the bonding between indium and oxygen is broken,
oxygen is released and a site of the oxygen that has been
bonded to indium serves as an oxygen vacancy. The oxygen
vacancy forms the deep level DOS at the deep level of the
oxide semiconductor layer. Because the oxygen vacancy in
the oxide semiconductor layer is instable, it traps oxygen or
hydrogen to be stable. For this reason, when hydrogen exists
near an oxygen vacancy, the oxygen vacancy traps hydrogen
to become VoH. The VoH forms the shallow level DOS at the
shallow level in the oxide semiconductor layer.

Next, when oxygen comes close to the VoH in the oxide
semiconductor layer, oxygen extracts hydrogen from VoH to
become a hydroxyl group (OH), so that hydrogen is released
from the VoH (see FIGS. 14A and 14B). The oxygen can
move in the oxide semiconductor layer so as to come closer to
VoH by heat treatment.
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Further, when the hydroxyl group comes closer to another
VoH in the oxide semiconductor layer, the hydroxyl group
extracts hydrogen from VoH to become a water molecule
(H,0), so that hydrogen is released from VoH (see FIGS. 14C
and 14D). In the above manner, one oxygen atom releases two
hydrogen atoms from the oxide semiconductor layer. This is
referred to as dehydration and dehydrogenation of the oxide
semiconductor layer. By the dehydration and dehydrogena-
tion, the shallow level DOS at the shallow level in the oxide
semiconductor layer is reduced, and the deep level DOS is
formed.

Next, when oxygen comes close to an oxygen vacancy in
the oxide semiconductor layer, oxygen is trapped by the oxy-
gen vacancy, so that the oxygen vacancy disappears (see
FIGS. 14E and 14F). This is referred to as oxygen addition in
the oxide semiconductor layer. By the oxygen addition, the
deep level DOS at the deep level in the oxide semiconductor
layer is reduced.

As described above, when dehydration and dehydrogena-
tion of the oxide semiconductor layer are performed and
oxygen is added to the oxide semiconductor layer, the shallow
level DOS and the deep level DOS in the oxide semiconductor
layer can be reduced. This process is referred to as a highly
purification process for making an intrinsic oxide semicon-
ductor.
<Description of Structure of Transistor Having Multilayer
Film and Manufacturing Method Thereof>

The structure of the transistor having the multilayer film
and a manufacturing method thereof are described below.
<Transistor Structure (1)>

First, an example of a top-gate top-contact transistor is
described.

FIGS. 15A to 15C are a top view and cross-sectional views
of'the transistor. FIG. 15A is a top view of the transistor. FIG.
15B is the cross-sectional view taken along dashed-dotted
line A1-A2 in FIG. 15A. FIG. 15C is the cross-sectional view
taken along dashed-dotted line A3-A4 in FIG. 15A.

The transistor illustrated in FIG. 15B includes a base insu-
lating film 102 over a substrate 100, an oxide semiconductor
layer 1064 over the base insulating film 102, an oxide semi-
conductor layer 1065 over the oxide semiconductor layer
106a, an oxide semiconductor layer 106¢ over the oxide
semiconductor layer 1065, a source electrode 1164 and a
drain electrode 1165 in contact with the oxide semiconductor
layer 106c¢, a gate insulating film 112 over the oxide semicon-
ductor layer 106¢ and the source electrode 1164 and the drain
electrode 1165, and a gate electrode 104 over the gate insu-
lating film 112. Preferably, a protective insulating film 108 is
formed over the gate insulating film 112 and the gate elec-
trode 104, and a protective insulating film 118 is formed over
the protective insulating film 108. Note that the transistor
does not necessarily include the base insulating film 102.

Note that the transistor illustrated in FIG. 15B may have a
structure in which the stacking order of the protective insu-
lating film 108 and the protective insulating film 118 is
reversed (see FIGS. 16A to 16C). In the transistor illustrated
in FIGS. 16A to 16C, in some cases, outward diffusion of
excess oxygen released from the base insulating film 102 is
less likely to occur than in the transistor illustrated in FIGS.
15Ato 15C. Thus, there is a possibility that oxygen vacancies
in the oxide semiconductor layer 1064, the oxide semicon-
ductor layer 1065, and the oxide semiconductor layer 106¢
can be reduced (DOS can be reduced) more than those in the
transistor illustrated in FIGS. 15A to 15C.

The oxide semiconductor layer 106a of the transistor in
FIGS. 15A to 15C corresponds to the oxide semiconductor
layer (S1) in FIG. 1A, for example. The oxide semiconductor
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layer 1065 of the transistor in FIGS. 15A to 15C corresponds
to the oxide semiconductor layer (S2) in FIG. 1A, for
example. The oxide semiconductor layer 106¢ of the transis-
tor in FIGS. 15A to 15C corresponds to the oxide semicon-
ductor layer (S3) in FIG. 1A, for example.

The base insulating film 102 of the transistor in FIGS. 15A
to 15C corresponds to the gate insulating film (bg) of the
transistor in FIG. 5A, for example. In addition, the transistor
in FIGS. 15A to 15C may include the gate electrode (bg) of
the transistor in FIG. 5A, for example. The transistor in FIGS.
15A to 15C may include a back gate electrode that is opposite
to the gate electrode 104 and is in contact with the bottom
surface of the base insulating film 102, for example. In addi-
tion, in the transistor in FIGS. 15A to 15C, if the substrate 100
has conductivity, the substrate 100 can correspond to the gate
insulating film (bg) of the transistor in FIG. 5A, for example.
In the transistor in FIGS. 15A to 15C, if a conductive film
serving as a wiring or the like is provided below the base
insulating film 102, the conductive film can correspond to the
gate insulating film (bg) of the transistor in FIG. 5A, for
example.

Note that a conductive film used for the source electrode
116a and the drain electrode 1165 takes oxygen away from
part of the oxide semiconductor layer 1065 and part of the
oxide semiconductor layer 106¢ or forms a mixed layer
depending on its kind, which in some cases results in forma-
tion of n-type regions (low-resistance regions) in the oxide
semiconductor layer 1065 and the oxide semiconductor layer
106¢.

In FIG. 15A, the distance between the source electrode
116a and the drain electrode 1165 in a region overlapping
with the gate electrode 104 is called channel length. Note that
in the case where the transistor includes the n-type region, the
distance between a source region and a drain region in the
region overlapping with the gate electrode 104 may be called
channel length.

Note that a channel formation region refers to a region,
which overlaps with the gate electrode 104 and is provided
between the source electrode 116a and the drain electrode
1164, in the oxide semiconductor layer 1064, the oxide semi-
conductor layer 1065, and the oxide semiconductor layer
106¢ (see FIG. 15B). Further, a channel refers to a region
through which current mainly flows in the channel formation
region.

Note that as illustrated in the top view of FIG. 15A, the
oxide semiconductor layer 1064 is provided outside the gate
electrode 104. However, the oxide semiconductor layer 1065
may be provided inside the gate electrode 104. With such a
structure, when light irradiation is performed from the gate
electrode 104 side, generation of carriers in the oxide semi-
conductor layer 1065 due to light can be suppressed. In other
words, the gate electrode 104 functions as a light-blocking
film.

The multilayer film including the oxide semiconductor
layer 106a, the oxide semiconductor layer 1065, and the
oxide semiconductor layer 106c¢ is described below.

The oxide semiconductor layer 1065 is an oxide containing
indium. An oxide can have a high carrier mobility (electron
mobility) by containing indium, for example. In addition, the
oxide semiconductor layer 1065 preferably includes an ele-
ment M. The element M is aluminum, gallium, yttrium, or tin,
for example. The element M is an element having a high
bonding energy with oxygen, for example. The element M is
an element that can increase the energy gap of the oxide, for
example. In addition, the oxide semiconductor layer 1065
preferably contains zinc. When the oxide contains zinc, the
oxide is easily to be crystallized, for example. The energy at
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the top of the valence band of the oxide can be controlled with
the atomic ratio of zinc, for example.

Note that the oxide semiconductor layer 1065 is not limited
to the oxide containing indium. The oxide semiconductor
layer 1065 may be a Zn—Sn oxide or a Ga—Sn oxide, for
example.

The oxide semiconductor layer 106« is an oxide semicon-
ductor layer which includes one or more kinds of elements
other than oxygen included in the oxide semiconductor layer
1064. Further, since the oxide semiconductor layer 106a
includes one or more kinds of elements other than oxygen
included in the oxide semiconductor layer 1065, DOS are less
likely to be formed at the interface between the oxide semi-
conductor layer 1065 and the oxide semiconductor layer
106a.

The oxide semiconductor layer 106¢ is an oxide semicon-
ductor layer which includes one or more kinds of elements
other than oxygen included in the oxide semiconductor layer
1064. Further, since the oxide semiconductor layer 106¢
includes one or more kinds of elements other than oxygen
included in the oxide semiconductor layer 1065, DOS are less
likely to be formed at the interface between the oxide semi-
conductor layer 1065 and the oxide semiconductor layer
106¢.

In the case of using an In-M-Zn oxide as the oxide semi-
conductor layer 106a, when summation of In and M is
assumed to be 100 atomic %, the proportions of In and M are
preferably set to be less than 50 atomic % and greater than or
equal to 50 atomic %, respectively, and further preferably less
than 25 atomic % and greater than or equal to 75 atomic %,
respectively. In the case of using an In-M-Zn oxide as the
oxide semiconductor layer 1065, when summation of In and
M is assumed to be 100 atomic %, the proportions of In and M
are preferably set to be greater than or equal to 25 atomic %
and less than 75 atomic %, respectively, and further prefer-
ably greater than or equal to 34 atomic % and less than 66
atomic %, respectively. In the case of using an In-M-Zn oxide
as the oxide semiconductor layer 106¢, when summation o In
and M is assumed to be 100 atomic %, the proportions of In
and M are preferably set to be less than 50 atomic % and
greater than or equal to 50 atomic %, respectively, and further
preferably less than 25 atomic % and greater than or equal to
75 atomic %, respectively. Note that the oxide semiconductor
layer 106¢ may be an oxide that is a type the same as that of
the oxide semiconductor layer 106a.

Here, in some cases, there is a mixed region of the oxide
semiconductor layer 1064 and the oxide semiconductor layer
1065 between the oxide semiconductor layer 106a and the
oxide semiconductor layer 1065. Further, in some cases, there
is a mixed region of the oxide semiconductor layer 1065 and
the oxide semiconductor layer 106¢ between the oxide semi-
conductor layer 1065 and the oxide semiconductor layer
106¢. The mixed region has low DOS. For that reason, the
stack where the oxide semiconductor layer 106a, the oxide
semiconductor layer 1065, and the oxide semiconductor layer
106¢ are stacked has a band structure where energy at each
interface is changed continuously (continuous junction) (see
FIG. 28). Note that the energy at the bottom of the conduction
band of the oxide semiconductor layer 106a is EcA, the
energy at the bottom of the conduction band of the oxide
semiconductor layer 1065 is EcB, and the energy at the bot-
tom of the conduction band of the oxide semiconductor layer
106¢ is EcC.

As the oxide semiconductor layer 1065, an oxide with a
wide energy gap is used. For example, the energy gap of the
oxide semiconductor layer 1065 is set to be greater than or
equal to 2.5 eV and less than or equal to 4.2 eV, preferably
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greater than or equal to 2.8 eV and less than orequal to 3.8 eV,
further preferably greater than or equal to 3 eV and less than
orequal to 3.5 eV. Further, for example, the energy gap of the
oxide semiconductor layer 106c¢ is set to be greater than or
equal to 2.7 eV and less than or equal to 4.9 eV, preferably
greater than or equal to 3 eV and less than or equal to 4.7 eV,
further preferably greater than or equal to 3.2 eV and less than
orequal to 4.4 eV.

As the oxide semiconductor layer 1064, an oxide with a
wide energy gap is used. For example, the energy gap of the
oxide semiconductor layer 106a is set to be greater than or
equal to 2.7 eV and less than or equal to 4.9 eV, preferably
greater than or equal to 3 eV and less than or equal to 4.7 eV,
further preferably greater than or equal to 3.2 eV and less than
orequal to 4.4 eV.

As the oxide semiconductor layer 106¢, an oxide with a
wide energy gap is used. For example, the energy gap of the
oxide semiconductor layer 106c¢ is set to be greater than or
equal to 2.7 eV and less than or equal to 4.9 eV, preferably
greater than or equal to 3 eV and less than or equal to 4.7 eV,
further preferably greater than or equal to 3.2 eV and less than
or equal to 4.4 eV. Note that the oxide semiconductor layer
106a and the oxide semiconductor layer 106¢ have wider
energy gaps than the oxide semiconductor layer 1064.

As the oxide semiconductor layer 1065, an oxide having an
electron affinity higher than that of the oxide semiconductor
layer 106a is used. For example, as the oxide semiconductor
layer 1064, an oxide having an electron affinity higher than
that of the oxide semiconductor layer 106a by 0.07 eV or
higher and 1.3 eV or lower, preferably 0.1 eV or higher and
0.7 eV or lower, further preferably 0.15 eV or higher and 0.4
eV or lower is used. Note that the electron affinity refers to an
energy difference between the vacuum level and the bottom
of the conduction band.

As the oxide semiconductor layer 1065, an oxide having an
electron affinity higher than that of the oxide semiconductor
layer 106c¢ is used. For example, as the oxide semiconductor
layer 1064, an oxide having an electron affinity higher than
that of the oxide semiconductor layer 106¢ by 0.07 eV or
higher and 1.3 eV or lower, preferably 0.1 eV or higher and
0.7 eV or lower, further preferably 0.15 eV or higher and 0.4
eV or lower is used.

At this time, when an electric field is applied to the gate
electrode 104, a channel is formed in the oxide semiconductor
layer 1065, which is an oxide having higher electron affinity
of the oxide semiconductor layer 1064, the oxide semicon-
ductor layer 1065, the oxide semiconductor layer 106¢.

Moreover, as described with reference to FIGS. 1A and 1B,
FIG. 2, FIG. 3, and FIG. 4, the thickness of the oxide semi-
conductor layer 106¢ is preferably as small as possible to
improve the on-state current of the transistor. The thickness of
the oxide semiconductor layer 106c¢ is set to be less than 10
nm, preferably less than or equal to 5 nm, further preferably
less than or equal to 3 nm, for example. Meanwhile, the oxide
semiconductor layer 106¢ has a function of blocking ele-
ments other than oxygen (such as silicon) included in the gate
insulating film 112 from entering the oxide semiconductor
layer 1065 where a channel is formed. For this reason, it is
preferable that the oxide semiconductor layer 106¢ have a
certain thickness. The thickness of the oxide semiconductor
layer 106c¢ is set to be greater than 0.3 nm, preferably greater
than or equal to 1 nm, further preferably greater than or equal
to 2 nm, for example.

As described above in the model of deterioration of the
transistor, preferably, the thickness of the oxide semiconduc-
tor layer 1064 is large, the thickness of the oxide semicon-
ductor layer 1065 is small, and the thickness of the oxide
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semiconductor layer 106¢ is small. Specifically, the thickness
of'the oxide semiconductor layer 1064 is set to be greater than
or equal to 20 nm, preferably greater than or equal to 30 nm,
further preferably greater than or equal to 40 nm, still further
greater than or equal to 60 nm. With the oxide semiconductor
layer 1064 having the thickness greater than or equal to of 20
nm, preferably greater than or equal to 30 nm, further prefer-
ably greater than or equal to 40 nm, still further preferably
greater than or equal to 60 nm, the distance from the interface
between the base insulating film 102 and the oxide semicon-
ductor layer 106a to the oxide semiconductor layer 1065
where the channel is formed can be greater than or equal to 20
nm, preferably greater than or equal to 30 nm, further prefer-
ably greater than or equal to 40 nm, still further preferably
greater than or equal to 60 nm. Note that since the productiv-
ity of a semiconductor device might be reduced, the thickness
of'the oxide semiconductor layer 1064 is set to be less than or
equal to 200 nm, preferably less than or equal to 120 nm,
further preferably less than or equal to 80 nm. The thickness
of'the oxide semiconductor layer 1065 is set to be greater than
or equal to 3 nm and less than or equal to 100 nm, preferably
greater than or equal to 3 nm and less than or equal to 80 nm,
further preferably greater than or equal to 3 nm and less than
or equal to 50 nm.

For example, the oxide semiconductor layer 106a may be
thicker than the oxide semiconductor layer 1065, and the
oxide semiconductor layer 1065 may be thicker than the
oxide semiconductor layer 106c¢.

The multilayer film including three layers, the oxide semi-
conductor layer 1064, the oxide semiconductor layer 1065,
and the oxide semiconductor layer 106¢ has been described
above, but one embodiment of the present invention is not
limited to the multilayer film including three layers. For
example, the oxide semiconductor layer 1065 alone may be
used. Alternatively, a multilayer film including two layers, the
oxide semiconductor layer 1064 and the oxide semiconductor
layer 1065 or a multilayer film including two layers, the oxide
semiconductor layer 1065 and the oxide semiconductor layer
106¢ may be employed, for example. Alternatively, a multi-
layer film having four or more layers including an oxide
semiconductor layer between the oxide semiconductor layer
106a and the oxide semiconductor layer 1065 may be pro-
vided. In this case, the oxide semiconductor layer provided
between the oxide semiconductor layer 106a and the oxide
semiconductor layer 1065 is, for example, an oxide having an
electron affinity higher than or equal to than the electron
affinity of the oxide semiconductor layer 1064 and is lower
than or equal to than the electron affinity of the oxide semi-
conductor layer 1065. Alternatively, a multilayer film having
four or more layers including an oxide semiconductor layer
between the oxide semiconductor layer 106¢ and the oxide
semiconductor layer 1065 may be provided, for example. In
that case, the oxide semiconductor layer provided between
the oxide semiconductor layer 106¢ and the oxide semicon-
ductor layer 1065 is, for example, an oxide having an electron
affinity higher than or equal to than the electron affinity of the
oxide semiconductor layer 106¢ and is lower than or equal to
equal to than the electron affinity of the oxide semiconductor
layer 1065.

In the case where the oxide semiconductor layer 1064, the
oxide semiconductor layer 1065, and the oxide semiconduc-
tor layer 106¢ are formed by a sputtering method, a target
containing indium is preferably used in order to prevent an
increase in the number of particles. In addition, if an oxide
target having a high atomic ratio of the element M is used, the
conductivity of the target may be decreased. The element M is
aluminum, gallium, yttrium, or tin, for example. In the case
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where a target containing indium is used, the conductivity of
the target can be increased and DC discharge and AC dis-
charge are facilitated; therefore, film formation over a large-
sized substrate can be easily performed. Thus, semiconductor
devices can be manufactured with high productivity.

In the case where the oxide semiconductor layer 1064 is
formed by a sputtering method, the atomic ratio of Into M and
Zn contained in the target may be 1:1:0.5, 1:1:1, 1:1:2, 1:3:1,
1:3:2, 1:3:4, 1:3:6, 1:6:2, 1:6:4, 1:6:6, 1:6:8, 1:6:10, 1:9:2,
1:9:4, 1:9:6, 1:9:8, 1:9:10, or the like.

In the case where the oxide semiconductor layer 1065 is
formed by a sputtering method, the atomic ratio of Into M and
Zn contained in the target may be 3:1:1, 3:1:2, 3:1:4, 1:1:0.5,
1:1:1, 1:1:2, or the like.

In the case where the oxide semiconductor layer 106¢ is
formed by a sputtering method, the atomic ratio of Into M and
Zn contained in the target may be 1:1:0.5, 1:1:1, 1:1:2, 1:3:1,
1:3:2, 1:3:4, 1:3:6, 1:6:2, 1:6:4, 1:6:6, 1:6:8, 1:6:10, 1:9:2,
1:9:4, 1:9:6, 1:9:8, 1:9:10, or the like.

Inthe cases where the oxide semiconductor layer 1064, the
oxide semiconductor layer 1065, and the oxide semiconduc-
tor layer 106¢ are formed by a sputtering method, films hav-
ing atomic ratios different from the atomic ratios of the targets
used may be formed. Especially for zinc, the atomic ratio of
zinc in a deposited film is smaller than the atomic ratio of the
target in some cases. Specifically, the film in some cases has
an atomic ratio of zinc of 40 atomic % to 90 atomic % of the
atomic ratio of zinc in the target.

An influence of silicon on an oxide is described below. In
order to obtain stable electrical characteristics of a transistor,
it is effective to reduce the concentration of impurities in the
oxide semiconductor layer 1065 so that the oxide semicon-
ductor layer 1065 is highly purified to be intrinsic. The carrier
density of the oxide semiconductor layer 1065 is set to be
lowerthan 1x10'7/cm?, lower than 1x10'%/cm?, or lower than
1x10"/cm>. In the oxide, a light element, a semimetal ele-
ment, a metal element, and the like (lower than 1 atomic %)
other than main components serve as impurities. For
example, hydrogen, lithium, carbon, nitrogen, fluorine,
sodium, silicon, chlorine, potassium, calcium, titanium, iron,
nickel, copper, germanium, strontium, zirconium, and
hafnium might be impurities in the oxide. Accordingly, the
concentration of impurities in an adjacent layer is preferably
reduced.

For example, as described above, DOS might be formed by
silicon contained in the oxide. In addition, when silicon exists
on the surface layer of the oxide semiconductor layer 1065,
DOS might be formed. For this reason, the concentration of
silicon in a region between the oxide semiconductor layer
1065 and the oxide semiconductor layer 106a is set to be
lower than 1x10'° atoms/cm?, preferably lower than 5x10"®
atoms/cm?, further preferably lower than 2x10'® atoms/cm®.
The concentration of silicon in a region between the oxide
semiconductor layer 1065 and the oxide semiconductor layer
106¢ is set to be lower than 1x10*° atoms/cm®, preferably
lower than 5x10*® atoms/cm?, further preferably lower than
2x10'® atoms/cm”.

In addition, as described above, hydrogen may form DOS
in the oxide, so that the carrier density is increased. The
concentration of hydrogen in the oxide semiconductor layer
1065 measured by secondary ion mass spectrometry (SIMS)
is set to be lower than or equal to 2x10°° atoms/cm?, prefer-
ably lower than or equal to 5x10*° atoms/cm?, further pref-
erably lower than or equal to 1x10'® atoms/cm?, still further
preferably lower than or equal to 5x10'® atoms/cm®. In the
oxide, nitrogen forms DOS, which increase carrier density in
some cases. Further, nitrogen forms DOS in the oxide, which
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may increase carrier density. The concentration of nitrogen in
the oxide semiconductor layer 1065 measured by SIMS is set
to be lower than 5x10'° atoms/cm®, preferably lower than or
equal to 5x10'® atoms/cm?, further preferably lower than or
equal to 1x10'® atoms/cm?, still further preferably lower than
or equal to 5x10'7 atoms/cm®.

It is preferable to reduce the concentration of hydrogen in
the oxide semiconductor layer 1064 in order to reduce the
concentration of hydrogen in the oxide semiconductor layer
1064. The concentration of hydrogen in the oxide semicon-
ductor layer 106a measured by SIMS is set to be lower than or
equal to 2x10°° atoms/cm?, preferably lower than or equal to
5x10'? atoms/cm>, further preferably lower than or equal to
1x10'? atoms/cm?, still further preferably lower than or equal
to 5x10'® atoms/cm>. It is preferable to reduce the concen-
tration of nitrogen in the oxide semiconductor layer 1064 in
order to reduce the concentration of nitrogen in the oxide
semiconductor layer 1065. The concentration of nitrogen in
the oxide semiconductor layer 106a measured by SIMS is set
to be lower than 5x10'° atoms/cm®, preferably lower than or
equal to 5x10"® atoms/cm?, further preferably lower than or
equal to 1x10'® atoms/cm?, still further preferably lower than
or equal to 5x10'7 atoms/cm>.

It is preferable to reduce the concentration of hydrogen in
the oxide semiconductor layer 106¢ in order to reduce the
concentration of hydrogen in the oxide semiconductor layer
1064. The concentration of hydrogen in the oxide semicon-
ductor layer 106¢ measured by SIMS is set to be lower than or
equal to 2x10°° atoms/cm?, preferably lower than or equal to
5x10*° atoms/cm?, further preferably lower than or equal to
1x10* atoms/cm®, still further preferably lower than or equal
to 5x10'® atoms/cm>. It is preferable to reduce the concen-
tration of nitrogen in the oxide semiconductor layer 106¢ in
order to reduce the concentration of nitrogen in the oxide
semiconductor layer 1065. The concentration of nitrogen in
the oxide semiconductor layer 106c measured by SIMS is set
to be lower than 5x10'° atoms/cm®, preferably lower than or
equal to 5x10'® atoms/cm?, further preferably lower than or
equal to 1x10'® atoms/cm?, still further preferably lower than
or equal to 5x10'7 atoms/cm>.

An oxide semiconductor that can be used for the oxide
semiconductor layer 1065 and the like will be described
below. An oxide semiconductor may include a non-single-
crystal, for example. The non-single-crystal is, for example,
structured by at least one of c-axis aligned crystal (CAAC),
polycrystal, microcrystal, and an amorphous part.

An oxide semiconductor may include CAAC, for example.
Note that an oxide semiconductor including CAAC is
referred to as a CAAC-OS (c-axis aligned crystalline oxide
semiconductor).

In an image obtained with a transmission electron micro-
scope (TEM) (hereinafter referred to as a TME image), for
example, crystal parts can be found in the CAAC-OS insome
cases. In most cases, in the TEM image, crystal parts in the
CAAC-OS each fit inside a cube whose one side is 100 nm,
for example. In the TEM image, a boundary between an
amorphous part and the crystal part and a boundary between
the crystal parts in the CAAC-OS are not clearly observed in
some cases. Further, in the TEM image, a grain boundary in
the CAAC-OS is not clearly observed in some cases. In the
CAAC-O0S, since a clear grain boundary does not exist, for
example, segregation of an impurity is unlikely to occur. In
the CAAC-O0S,; since a clear grain boundary does not exist, for
example, an increase in the density of defect states (an
increase in DOS) hardly occurs. In the CAAC-OS, since a
clear grain boundary does not exist, for example, a reduction
in electron mobility hardly occurs.
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For example, the CAAC-OS includes a plurality of crystal
parts. In the plurality of crystal parts, c-axes are aligned in a
direction parallel to a normal vector of a surface where the
CAAC-O0S is formed or a normal vector of a surface of the
CAAC-O0S in some cases. When the CAAC-OS is analyzed
by an out-of-plane method with an X-ray diffraction (XRD)
apparatus, a peak appears at 20 of around 31° in some cases.
Further, for example, spots (luminescent spots) are observed
in an electron diffraction pattern of the CAAC-OS in some
cases. An electron diffraction pattern obtained with an elec-
tron beam having a beam diameter of 10 nm¢ or smaller, or 5
nm¢ or smaller, is called a nanobeam electron diffraction
pattern. In the CAAC-OS, for example, among crystal parts,
the directions of the a-axis and the b-axis of one crystal part
are different from those of another crystal part, in some cases.
Inthe CAAC-OS, for example, c-axes are aligned, and a-axes
and/or b-axes are not macroscopically aligned, in some cases.

FIG. 29 A is an example of a nanobeam electron diffraction
pattern of a sample including a CAAC-OS. Here, the sample
is cut in the direction perpendicular to a surface where the
CAAC-0S is formed and thinned to have a thickness of about
40 nm. Further, an electron beam with a diameter of 1 nm¢
enters from the direction perpendicular to the cut surface of
the sample. FIG. 29A shows that spots are observed in the
nanobeam electron diffraction pattern of the CAAC-OS. An
ion milling method using argon ions is employed for thinning
the sample.

In each of the crystal parts included in the CAAC-OS, for
example, a c-axis is aligned in a direction parallel to a normal
vector of a surface where the CAAC-OS is formed or a normal
vector of a surface of the CAAC-OS. Further, in each of the
crystal parts, metal atoms are arranged in a triangular or
hexagonal configuration when seen from the direction per-
pendicular to the a-b plane, and metal atoms are arranged in a
layered manner or metal atoms and oxygen atoms are
arranged in a layered manner when seen from the direction
perpendicular to the c-axis. Note that among crystal parts, the
directions of the a-axis and the b-axis of one crystal part may
be different from those of another crystal part. In this speci-
fication, a term “perpendicular” includes a range from 80° to
100°, preferably from 85° to 95°. In addition, a term “paral-
lel” includes a range from —10° to 10°, preferably from -5° to
5°.

Since the c-axes of the crystal parts included in the CAAC-
OS are aligned in the direction parallel to a normal vector of
asurface where the CAAC-OS is formed or a normal vector of
a surface of the CAAC-OS, the directions of the c-axes may
be different from each other depending on the shape of the
CAAC-O0S (the cross-sectional shape of the surface where the
CAAC-O0S is formed or the cross-sectional shape of the sur-
face of the CAAC-OS). Note that the film deposition is
accompanied with the formation of the crystal parts or fol-
lowed by the formation of the crystal parts through crystalli-
zation treatment such as heat treatment. Hence, the c-axes of
the crystal parts are aligned in the direction parallel to a
normal vector of the surface where the CAAC-OS is formed
or a normal vector of the surface of the CAAC-OS.

The CAAC-OS could be obtained by reducing the impurity
concentration, for example. The impurity means here an ele-
ment other than the main components of the oxide semicon-
ductor, such as hydrogen, carbon, silicon, or a transition metal
element. In particular, an element such as silicon has a higher
strength to bond with oxygen than that of a metal element
included in the oxide semiconductor. Therefore, when the
element takes oxygen away from the oxide semiconductor,
the atomic arrangement in the oxide semiconductor is dis-
rupted, whereby the crystallinity of the oxide semiconductor
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is lowered in some cases. In addition, a heavy metal such as
iron or nickel, argon, carbon dioxide, or the like has a large
atomic radius (or molecular radius), and thus disrupts the
atomic arrangement in the oxide semiconductor, whereby the
crystallinity of the oxide semiconductor is lowered in some
cases. Hence, the CAAC-OS is an oxide semiconductor with
alow impurity concentration. Note that the impurity included
in the oxide semiconductor might serve as a carrier generation
source.

In the CAAC-OS, distribution of crystal parts is not nec-
essarily uniform. For example, in the formation process of the
CAAC-0S, in the case where crystal growth occurs from a
surface side of the oxide semiconductor, the proportion of
crystal parts in the vicinity of the surface of the oxide semi-
conductor is higher than that in the vicinity of the surface
where the oxide semiconductor is formed in some cases.
Further, when an impurity is mixed into the CAAC-OS, the
crystal part in a region into which the impurity is mixed
becomes amorphous or microcrystalline in some cases.

Further, the CAAC-OS can be formed, for example, by
reducing DOS. In an oxide semiconductor, as described
above, oxygen vacancies form DOS, for example. The oxy-
gen vacancies form hole traps or serve as carrier generation
sources when hydrogen is trapped therein. In order to form
the CAAC-OS, for example, it is important to prevent oxygen
vacancies from being generated in the oxide semiconductor.
Thus, the CAAC-OS is an oxide semiconductor having low
DOS. In other words, the CAAC-OS is an oxide semiconduc-
tor having few oxygen vacancies.

The state in which impurity concentration is low and DOS
is low (the number of oxygen vacancies is small) is referred to
as “highly purified intrinsic” or “substantially highly purified
intrinsic”. A highly-purified intrinsic or substantially highly-
purified intrinsic oxide semiconductor has few carrier gen-
eration sources, and thus can have a low carrier density in
some cases. Thus, in some cases, a transistor using the oxide
semiconductor for a channel formation region rarely has a
negative threshold voltage (is rarely normally-on). A highly-
purified intrinsic or substantially highly-purified intrinsic
oxide semiconductor has low DOS and accordingly has a
small number of charge traps in some cases. Thus, the tran-
sistor using the oxide semiconductor for the channel forma-
tion region has a small change in electrical characteristics and
high reliability in some cases. Holes trapped by the hole traps
in the oxide semiconductor take a long time to be released and
may behave like fixed charges in some cases. Thus, the tran-
sistor including the oxide semiconductor having many hole
traps in the channel formation region has unstable electrical
characteristics in some cases.

A transistor including the highly purified intrinsic or sub-
stantially highly purified intrinsic CAAC-OS has a small
change in the electrical characteristics due to irradiation with
visible light or ultraviolet light.

The CAAC-OS can be formed by a sputtering method
using a DC power source, for example.

An oxide semiconductor may include polycrystal, for
example. Note that an oxide semiconductor including poly-
crystalis referred to as a polycrystalline oxide semiconductor.
A polycrystalline oxide semiconductor includes a plurality of
crystal grains. A polycrystalline oxide semiconductor
includes, for example, amorphous parts in some cases.

In the TEM image, for example, crystal grains can be found
in the polycrystalline oxide semiconductor in some cases. In
most cases, the size of a crystal grain in the polycrystalline
oxide semiconductor is greater than or equal to 2 nm and less
than or equal to 300 nm, greater than or equal to 3 nm and less
than or equal to 100 nm, or greater than or equal to 5 nm and
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less than or equal to 50 nm in the TEM image, for example.
Moreover, in the TEM image, for example, a boundary
between an amorphous part and a crystal grain and a bound-
ary between crystal grains can be found in the polycrystalline
oxide semiconductor in some cases. Also in the TEM image,
for example, a grain boundary can be found in the polycrys-
talline oxide semiconductor in some cases.

The polycrystalline oxide semiconductor may include, for
example, a plurality of crystal grains, and the alignment of
crystals may be different in the plurality of crystal grains.
When a polycrystalline oxide semiconductor is analyzed by,
for example, an out-of-plane method with an XRD apparatus,
one or plural peaks appear in some cases. For example, in the
case of a polycrystalline IGZO film, a peak at 20 of around
31° which shows alignment or plural peaks which show plural
kinds of alignment appear in some cases. Further, spots are
observed in, for example, a nanobeam electron diffraction
pattern of the polycrystalline oxide semiconductor in some
cases.

The polycrystalline oxide semiconductor has, for example,
high crystallinity and thus has a high electron mobility in
some cases. Accordingly, a transistor using the polycrystal-
line oxide semiconductor for a channel formation region has
a high field-effect mobility. Note that in some cases, an impu-
rity is segregated at the grain boundary between the crystals in
the polycrystalline oxide semiconductor. Moreover, the grain
boundary of the polycrystalline oxide semiconductor
becomes a defect. Since the grain boundary of the polycrys-
talline oxide semiconductor may serve as a carrier generation
source or a charge trap in some cases, a transistor using the
polycrystalline oxide semiconductor for a channel formation
region has, in some cases, a larger change in electrical char-
acteristics and lower reliability than a transistor using a
CAAC-OS for a channel formation region.

The polycrystalline oxide semiconductor can be formed by
high-temperature heat treatment or laser light treatment.

The oxide semiconductor may include microcrystal, for
example. Note that an oxide semiconductor including micro-
crystal is referred to as a microcrystalline oxide semiconduc-
tor.

In the TEM image, for example, crystal parts cannot be
found clearly in the microcrystalline oxide semiconductor in
some cases. In most cases, the size of a crystal part included
in the microcrystalline oxide semiconductor is greater than or
equal to 1 nm and less than or equal to 100 nm, or greater than
orequal to 1 nm and less than or equal to 10 nm, for example.
A microcrystal with a size greater than or equal to 1 nm and
less than or equal to 10 nm is specifically referred to as
nanocrystal (nc). An oxide semiconductor including nanoc-
rystal is referred to as an nc-OS (nanocrystalline oxide semi-
conductor). In the TEM image, for example, a boundary
between an amorphous part and the crystal part and a bound-
ary between the crystal parts in the nc-OS is not clearly
observed in some cases. In the TEM image TEM of the
nc-O8, since a clear grain boundary does not exist, for
example, segregation of an impurity is unlikely to occur. In
the nc-OS, since a clear grain boundary does not exist, for
example, DOS are hardly increased. In the nc-OS, since a
clear grain boundary does not exist, for example, electron
mobility is hardly reduced.

In the nc-O8, for example, a microscopic region (e.g., a
region with a size greater than or equal to 1 nm and less than
or equal to 10 nm) has a periodic atomic order occasionally.
Further, for example, in the nc-OS, crystal parts are not regu-
larly-arranged. Thus, in some cases, periodic atomic order is
not observed macroscopically or a case where long-range
order in atomic arrangement is not observed. Accordingly, in
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some cases, the nc-OS cannot be distinguished from an amor-
phous oxide semiconductor, for example, depending on an
analysis method. When the nc-OS film is analyzed by an
out-of-plane method with an XRD apparatus using an X-ray
having a beam diameter larger than that of a crystal part, a
peak which shows alignment does not appear in some cases.
Further, for example, a halo pattern is observed in some cases
in an electron diffraction pattern of the nc-OS obtained by
using an electron beam having a diameter larger than that of
a crystal part (e.g., a beam diameter of 20 nm¢ or more, or 50
nm¢ or more). For example, spots are observed in some cases
in a nanobeam electron diffraction pattern of the nc-OS
obtained by using an electron beam having a diameter smaller
than or equal to that of a crystal part (e.g., a beam diameter of
10 nm¢ or less, or 5 nm¢ or less). In a nanobeam electron
diffraction pattern of the nc-OS, for example, regions with
high luminance in a circular pattern are observed in some
cases. In a nanobeam electron diffraction pattern of the nc-
OS, for example, a plurality of spots are observed in the
region in some cases.

FIG. 29B is an example of a nanobeam electron diffraction
pattern of a sample including an nc-OS. Here, the sample is
cut in the direction perpendicular to a surface where the
nc-OS is formed and the thickness thereof'is reduced to about
40 nm. Further, an electron beam with a diameter of 1 nm¢
enters from the direction perpendicular to the cut surface of
the sample. FIG. 29B shows that regions with high luminance
in a circular pattern are observed and a plurality of spots are
observed in the region in the nanobeam electron diffraction
pattern of the nc-OS. An ion milling method using argon ions
is employed for thinning the sample.

FIGS. 29C1 and 29C2 are examples of a nanobeam elec-
tron diffraction pattern of a sample including an nc-OS. Here,
the sample is cut in the direction perpendicular to a surface
where the nc-OS is formed and the thickness thereof is
reduced to about 5 nm to 10 nm. Further, an electron beam
with a diameter of 1 nm¢ enters in the direction perpendicular
to the cut surface of the sample, and thereby spots are
observed in a measurement position 1 (see FIG. 29C1) and a
circular region with high luminance is observed in a measure-
ment position 2 (see FIG. 29C2) depending on the measure-
ment positions. In the position where the circular region with
high luminance is observed, there is a possibility that an
electron beam passes through a pellet-like crystal and thus a
spot of another pellet-like crystal in the depth direction is also
observed. Note that the sample is thinned by an ion milling
method in which the sample is irradiated with argon ions at a
shallow angle (about 3°).

Since the microscopic region in the nc-OS has a periodic
atomic order occasionally, DOS in the nc-OS is lower than
that in the amorphous oxide semiconductor. Note that since
crystal parts in the nc-OS are not regularly-arranged, DOS in
the nc-O8 is higher than that in the CAAC-OS.

Accordingly, the nc-OS has higher carrier density than the
CAAC-OS in some cases. An oxide semiconductor with a
high carrier density tends to have a high electron mobility.
Therefore, a transistor using the nc-OS for a channel forma-
tion region has a high field-effect mobility in some cases. In
addition, the nc-OS has high DOS than the CAAC-OS and
thus has a larger number of charge traps in some cases. There-
fore, a transistor using the nc-OS for a channel formation
region has a larger change in electrical characteristics and
lower reliability than a transistor using the CAAC-OS for a
channel formation region. Note that the nc-OS can be
obtained even when the amount of impurity contained therein
is relatively large, and thus can be easily obtained than the
CAAC-OS and in some cases, is preferably used depending
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on the application. For example, the nc-OS may be formed by
a deposition method such as a sputtering method using an AC
power supply. The sputtering method using an AC power
supply allows a film to be formed with high uniformity over a
large substrate, so that semiconductor devices including a
transistor using the nc-OS for a channel formation region can
be manufactured with high productivity.

The oxide semiconductor may include an amorphous part,
for example. Note that an oxide semiconductor including an
amorphous part is referred to as an amorphous oxide semi-
conductor. An amorphous oxide semiconductor, for example,
has disordered atomic arrangement and no crystal part. An
amorphous oxide semiconductor, for example, does not have
a specific shape as in quartz and regularity in atomic arrange-
ment.

In the TEM image, crystal parts cannot be found clearly in
the amorphous oxide semiconductor in some cases.

When an amorphous oxide semiconductor is analyzed by
an out-of-plane method with an XRD apparatus, a peak which
shows alignment does not appear in some cases. Further, a
halo pattern is observed in an electron diffraction pattern of
the amorphous oxide semiconductor in some cases. In other
cases, a halo pattern is observed instead of a spot in a nano-
beam electron diffraction pattern of the amorphous oxide
semiconductor.

The amorphous oxide semiconductor can be formed in
some cases, for example, by introducing impurities such as
hydrogen at a high concentration. Hence, the amorphous
oxide semiconductor is, for example, an oxide semiconductor
containing impurities at a high concentration.

When an oxide semiconductor contains impurities at a high
concentration, DOS of oxygen vacancies or the like are
formed in the oxide semiconductor in some cases. This means
that an amorphous oxide semiconductor with a high concen-
tration of impurities has high DOS. In addition, since the
amorphous oxide semiconductor has low crystallinity, DOS
in the amorphous oxide semiconductor is lower than that in
the CAAC-OS or the nc-OS.

Thus, the amorphous oxide semiconductor has a much
higher carrier density than the nc-OS in some cases. There-
fore, a transistor using the amorphous oxide semiconductor
for a channel formation region tends to be normally on, and
sometimes can be preferably used for a transistor which needs
to have such electrical characteristics. The amorphous oxide
semiconductor has high DOS and thus has a large number of
charge traps in some cases. Therefore, a transistor using the
amorphous oxide semiconductor for a channel formation
region has larger change in electrical characteristics and
lower reliability than a transistor using the CAAC-OS or the
nc-OS for a channel formation region in some cases. Note that
the amorphous oxide semiconductor can be formed even by a
deposition method in which a relatively large amount of
impurity is contained, and thus can be easily obtained and in
some cases, is preferably used depending on the application.
For example, the amorphous oxide semiconductor may be
formed by a deposition method such as a spin coating method,
a sol-gel method, an immersion method, a spray method, a
screen printing method, a contact printing method, an ink-jet
printing method, a roll coating method, or a mist CVD
method. Hence, semiconductor devices including a transistor
using the amorphous oxide semiconductor for a channel for-
mation region can be manufactured with high productivity.

Note that the oxide semiconductor may be a mixed film
including two or more ofa CAAC-OS, a polycrystalline oxide
semiconductor, a microcrystalline oxide semiconductor, and
an amorphous oxide semiconductor. The mixed film includes
in some cases two or more of an amorphous oxide semicon-
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ductor region, a microcrystalline oxide semiconductor
region, a polycrystalline oxide semiconductor region, and a
CAAC-OS region. The mixed film has in some cases a
stacked-layer structure of two or more of an amorphous oxide
semiconductor region, a microcrystalline oxide semiconduc-
tor region, a polycrystalline oxide semiconductor region, and
a CAAC-OS region.

An oxide semiconductor may include a single crystal, for
example. Note that an oxide semiconductor including a single
crystal is referred to as a single crystal oxide semiconductor.

The single crystal oxide semiconductor has, for example, a
low impurity concentration and low DOS (a small number of
oxygen vacancies), and thus can have a low carrier density.
Therefore, a transistor using the single crystal oxide semicon-
ductor for a channel formation region is unlikely to be nor-
mally on. Further, the single crystal oxide semiconductor has
low DOS and thus has a small number of charge traps in some
cases. Thus, a transistor using the single crystal oxide semi-
conductor for a channel formation region has a small change
in electrical characteristics and high reliability in some cases.

The oxide semiconductor has a high density if including
few defects, for example. The oxide semiconductor has a high
density if having high crystallinity, for example. The oxide
semiconductor has a high density if containing impurities
such as hydrogen at a low concentration. For example, the
density of a single crystal oxide semiconductor is higher than
that ofa CAAC-OS in some cases. For example, the density of
a CAAC-OS is higher than that of a microcrystalline oxide
semiconductor in some cases. For example, the density of a
polycrystalline oxide semiconductor is higher than that of a
microcrystalline oxide semiconductor in some cases. For
example, the density of a microcrystalline oxide semiconduc-
tor is higher than that of an amorphous oxide semiconductor.

The DOS in the oxide semiconductor layer 1065 is
described below. When the DOS in the oxide semiconductor
layer 1065 is reduced, a transistor including the oxide semi-
conductor layer 1065 can have stable electrical characteris-
tics. The DOS of the oxide semiconductor layer 1065 can be
measured by a constant photocurrent method (CPM).

Note that in order that the transistor can have stable elec-
trical characteristics, the absorption coefficient due to the
DOS in the oxide semiconductor layer 106 measured by CPM
may be set to be lower than 1x10~> cm™*, preferably lower
than 3x10™* cm™. Further, when the absorption coefficient
due to the DOS of the oxide semiconductor layer 1065 mea-
sured by CPM is set to be lower than 1x107> cm™, preferably
lower than 3x10~* cm™, the field-effect mobility of the tran-
sistor can be increased. In order that the absorption coefficient
due to the DOS in the oxide semiconductor layer 1065 mea-
sured by CPM can be set to be lower than 1x10~> cm™,
preferably lower than 3x10™* cm™!, the concentrations of
elements forming DOS such as hydrogen, lithium, carbon,
nitrogen, fluorine, sodium, silicon, chlorine, potassium, cal-
cium, titanium, iron, nickel, copper, germanium, strontium,
zirconium, and hafnium in the oxide are lower than 2x10"°
atoms/cm?, preferably lower than 2x10'® atoms/cm®, further
preferably lower than 2x10'” atoms/cm>.

The DOS of a sample where the oxide semiconductor layer
106a, the oxide semiconductor layer 1065, and the oxide
semiconductor layer 106¢ are stacked over a substrate is
evaluated by CPM.

The oxide semiconductor layer 106a is formed by a sput-
tering method using an In—Ga—7n oxide (the atomic ratio
of Into Gaand Zn is 1:3:2) target. Note that an argon gas at a
flow rate of 30 sccm and an oxygen gas at a flow rate of 15
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sccm were used as a deposition gas, the pressure was setto 0.4
Pa, the substrate temperature was set to 200° C., and a DC
power of 0.5 kW was applied.

The oxide semiconductor layer 1065 is formed by a sput-
tering method using an In—Ga—7n oxide (the atomic ratio
of Into Gaand Zn is 1:1:1) target. Note that an argon gas at a
flow rate of 30 sccm and an oxygen gas at a flow rate of 15
sccm were used as a deposition gas, the pressure was setto 0.4
Pa, the substrate temperature was set to 200° C., and a DC
power of 0.5 kW was applied.

The oxide semiconductor layer 106¢ is formed by a sput-
tering method using an In—Ga—7n oxide (the atomic ratio
of'Into Gaand Zn is 1:3:2) target. Note that an argon gas at a
flow rate of 30 sccm and an oxygen gas at a flow rate of 15
sccm were used as a deposition gas, the pressure was setto 0.4
Pa, the substrate temperature was set to 200° C., and a DC
power of 0.5 kW was applied.

Here, the thicknesses of the oxide semiconductor layer
106a, the oxide semiconductor layer 1065, and the oxide
semiconductor layer 106¢ are set to 30 nm, 100 nm, and 30
nm, respectively, for increasing the accuracy in the CPM
measurement.

In the CPM measurement, the amount of light with which
a surface of the sample between terminals is irradiated is
adjusted so that a photocurrent value is kept constant in the
state where voltage is applied between a first electrode and a
second electrode provided in contact with the oxide semicon-
ductor layer 1065, and then an absorption coefficient is
derived from the amount of the irradiation light at each wave-
length. In the CPM measurement, when the sample has DOS,
the absorption coefficient due to the energy which corre-
sponds to the DOS (calculated from the wavelength) is
increased. The increase in the absorption coefficient is mul-
tiplied by a constant, whereby the DOS of the sample can be
obtained.

FIG. 30 shows results of fitting the absorption coefficient
(dotted line) measured using a spectrophotometer and the
absorption coefficient (solid line) measured by CPM in the
range of energy higher than or equal to the energy gap of the
oxide semiconductor layer 1065. Note that the Urbach energy
obtained based on the absorption coefficient measured by
CPM was 78.7 meV. The integral value of the absorption
coefficient is calculated in such a manner that a background
(thin dotted line) is subtracted from the absorption coefficient
measured by CPM in FIG. 30. As a result, the absorption
coefficient due to DOS of this sample is found to be 2.02x
10*cm™.

The base insulating film 102 in FIGS. 15A to 15C may be
formed to have a single-layer structure or a stacked-layer
structure using an insulating film containing one or more of
aluminum oxide, magnesium oxide, silicon oxide, silicon
oxynitride, silicon nitride oxide, silicon nitride, gallium
oxide, germanium oxide, yttrium oxide, zirconium oxide,
lanthanum oxide, neodymium oxide, hatnium oxide, and tan-
talum oxide, for example.

The base insulating film 102 may be, for example, a mul-
tilayer film including a silicon nitride layer as a first layer and
a silicon oxide layer as a second layer. In that case, the silicon
oxide layer may be a silicon oxynitride layer. In addition, the
silicon nitride layer may be a silicon nitride oxide layer. As
the silicon oxide layer, a silicon oxide layer whose defect
density is low is preferably used. Specifically, a silicon oxide
layer whose spin density attributed to a signal with a g factor
of 2.001 in electron spin resonance (ESR) is lower than or
equal to 3x10'7 spins/cm®, preferably lower than or equal to
5x10*® spins/cm> is used. As the silicon nitride layer, a silicon
nitride layer from which a hydrogen gas and an ammonia gas
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are less likely to be released is used. The amount of released
hydrogen gas or ammonia gas may be measured by thermal
desorption spectroscopy (TDS). Further, as the silicon nitride
layer, a silicon nitride layer which does not transmit or hardly
transmits hydrogen, water, and oxygen is used.

The base insulating film 102 may be, for example, a mul-
tilayer film including a silicon nitride layer as a first layer, a
first silicon oxide layer as a second layer, and a second silicon
oxide layer as a third layer. In that case, the first silicon oxide
layer and/or the second silicon oxide layer may be a silicon
oxynitride layer. In addition, the silicon nitride layer may be
a silicon nitride oxide layer. As the first silicon oxide layer, a
silicon oxide layer whose defect density is low is preferably
used. Specifically, a silicon oxide layer whose spin density
attributed to a signal with a g factor of 2.001 in ESR is lower
than or equal to 3x10'7 spins/cm’, preferably lower than or
equal to 5x10*° spins/cm> is used. As the second silicon oxide
layer, a silicon oxide layer containing excess oxygen is used.
As the silicon nitride layer, a silicon nitride layer from which
a hydrogen gas and an ammonia gas are less likely to be
released is used. Further, as the silicon nitride layer, a silicon
nitride layer which does not transmit or hardly transmits
hydrogen, water, and oxygen is used.

The silicon oxide layer containing excess oXygen means a
silicon oxide layer from which oxygen can be released by heat
treatment or the like. An insulating film containing excess
oxygen means an insulating film from which oxygen is
released by heat treatment.

The insulating film containing excess oxygen is capable of
reducing oxygen vacancies in the oxide semiconductor layer
1064. Such an oxygen vacancy forms DOS in the oxide semi-
conductor layer 1065 and serves as a hole trap or the like. In
addition, hydrogen enters into the site of such an oxygen
vacancy and in some cases forms an electron serving as a
carrier. Thus, by a reduction in the number of oxygen vacan-
cies in the oxide semiconductor layer 1064, the transistor can
have stable electrical characteristics.

Here, a film from which oxygen is released by heat treat-
ment may release oxygen, the amount of which is higher than
or equal to 1x10"® atoms/cm?, higher than or equal to 1x10*°
atoms/cm?, or higher than or equal to 1x10*° atoms/cm’ in
TDS analysis in a temperature range of a film surface, which
is 100° C. 1o 700° C., preferably 100° C. to 500° C. (converted
into the number of oxygen atoms).

Here, the method of measuring the amount of released
oxygen using TDS analysis is described below.

The total amount of released gas from a measurement
sample in TDS analysis is proportional to the integral value of
the ion intensity of the released gas. Then, comparison with a
reference sample is made, whereby the total amount of
released gas can be calculated.

For example, the number of released oxygen molecules
(Ng,) from a measurement sample can be calculated accord-
ing to Formula 22 using the TDS results of a silicon wafer
containing hydrogen at a predetermined density, which is a
reference sample, and the TDS results of the measurement
sample. Here, all gases having a mass number of 32 which are
obtained in the TDS analysis are assumed to originate from an
oxygen molecule. Note that CH,OH, which is a gas having
the mass number of 32, is not taken into consideration
because it is unlikely to be present. Further, an oxygen mol-
ecule including an oxygen atom having a mass number of 17
or 18 which is an isotope of an oxygen atom is also not taken
into consideration because the proportion of such a molecule
in the natural world is minimal.
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Npp = Jhz X Sop X (Formula 22]
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Here, N, is the value obtained by conversion of the num-
ber of hydrogen molecules desorbed from the reference
sample into densities. In addition, S, is the integral value of
ion intensity in the TDS analysis of the reference sample.
Here, the reference value of the reference sample is N,,/S;,.
Further, S, is the integral value of ion intensity in the TDS
analysis of the measurement sample, and « is a coefficient
affecting the ion intensity in the TDS analysis. Refer to Japa-
nese Published Patent Application No. H6-275697 for details
of Formula 22. The amount of released oxygen was measured
with a thermal desorption spectroscopy apparatus produced
by ESCO Ltd., EMD-WA1000S/W using a silicon wafer
containing hydrogen atoms at 1x10*° atoms/cm? as the refer-
ence sample.

Further, in the TDS analysis, part of oxygen is detected as
an oxygen atom. The ratio between oxygen molecules and
oxygen atoms can be calculated from the ionization rate of the
oxygen molecules. Since the above a includes the ionization
rate of the oxygen molecules, the number of the released
oxygen atoms can also be estimated through the evaluation of
the number of the released oxygen molecules.

Here, N, is the number of the released oxygen molecules.
The amount of released oxygen in terms of oxygen atoms is
twice the number of the released oxygen molecules.

Further or alternatively, the film from which oxygen is
released by heat treatment may contain a peroxide radical.
Specifically, the spin density attributed to the peroxide radical
is higher than or equal to 5x10'7 spins/cm”. Note that the film
containing a peroxide radical may have an asymmetric signal
with a g factor of approximately 2.01 in ESR.

The insulating film containing excess oxygen may be oxy-
gen-excess silicon oxide (SiO4 (X>2)). In the oxygen-excess
silicon oxide (SiO, (X>2)), the number of oxygen atoms per
unit volume is more than twice the number of silicon atoms
per unit volume. The number of silicon atoms and the number
of' oxygen atoms per unit volume are measured by Rutherford
backscattering spectrometry (RBS).

The source electrode 1164 and the drain electrode 1165
may be formed to have a single-layer structure or a stacked-
layer structure using a conductive film containing one or more
kinds of aluminum, titanium, chromium, cobalt, nickel, cop-
per, yttrium, zirconium, molybdenum, ruthenium, silver, tan-
talum, and tungsten, for example. The source electrode 116a
and the drain electrode 1165 are each preferably a multilayer
film including a layer containing copper. The source electrode
116a and the drain electrode 1165 are each a multilayer film
including a layer containing copper, whereby wiring resis-
tance can be reduced in the case where a wiring is formed in
the same layer as the source electrode 1164 and the drain
electrode 1165. Note that the compositions of the source
electrode 116a and the drain electrode 1164 are either the
same as or different from each other.

In the case where a multilayer film including a layer con-
taining copper is used for the source electrode 1164 and the
drain electrode 1165, copper enters into the oxide semicon-
ductor layer 1065 and thereby the carrier density of the oxide
semiconductor layer 1065 may be increased. Alternatively,
copper forms DOS in the oxide semiconductor layer 1065 and
the DOS serves as a charge trap in some cases. In this case,
when the oxide semiconductor layer 106¢ can block copper,
the increase in off-state current and the shift in the threshold
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voltage of the transistor due to the entry of copper into the
oxide semiconductor layer 1065 can be inhibited.

FIGS. 17A to 17C are cross-sectional views of the vicini-
ties of the source electrode 1164 and the drain electrode 1165
of the transistor. The source electrode 116a and the drain
electrode 1165 may have any structure illustrated in FIGS.
17At0 17C. In FIGS. 17A 10 17C, the top surface of the oxide
semiconductor layer 106¢ is hollowed at the time of the
formation of the source electrode 116a and the drain elec-
trode 1164.

FIG. 17A illustrates a structure where steps are formed in
the source electrode 1164 and the drain electrode 1164.
N-type regions are formed in regions represented by broken
lines in the oxide semiconductor layer 106¢. The n-type
regions are formed resulting from generation of oxygen
vacancies in the oxide semiconductor layer 106¢ due to dam-
ages when the source electrode 1164« and the drain electrode
1164 are formed over the oxide semiconductor layer 106¢ or
action of the conductive film serving as the source electrode
116a and the drain electrode 1165. Due to entry of hydrogen
into the oxygen vacancies, an electron serving as a carrier is
generated. Note that the n-type regions are formed up to the
vicinity of the boundary between the oxide semiconductor
layer 106¢ and the oxide semiconductor layer 1065 as a
non-limiting example illustrated in FIG. 17A. For example,
the n-type regions may be formed in the oxide semiconductor
layer 106¢ and the oxide semiconductor layer 1065, or only in
the oxide semiconductor layer 106c¢.

In the structure illustrated in FIG. 17B, a conductive layer
11642 which is not easily oxidized and a conductive layer
116a1 provided over the conductive layer 11642 are used as
the source electrode 1164, and a conductive layer 116562
which is not easily oxidized and a conductive layer 11651
provided over the conductive layer 11652 are used as the
drain electrode 1165. Note that the conductive layer which is
not easily oxidized is unlikely to reduce the oxide semicon-
ductor layer 106¢. When the source electrode 116a and the
drain electrode 1165 have a structure illustrated in FIG. 17B,
the n-type regions are formed only in the oxide semiconduc-
tor layer 106¢. Further, diffusion of oxygen vacancies in the
channel length direction is small, so that the channel forma-
tion region is less likely to have n-type conductivity. Further-
more, owing to the conductive layer 11641 and the conductive
layer 11651, the conductive layer 11642 and the conductive
layer 11652 can have low conductivity. Thus, the thicknesses
of'the conductive layer 11642 and the conductive layer 11652
can be small, which leads to easy microfabrication. In other
words, the structure illustrated in FIG. 17B is favorable for a
miniaturized transistor having a small channel length.

Note that the conductive layer 11641 and the conductive
layer 11642 may be the same conductive layer. In addition,
the conductive layer 11651 and the conductive layer 11652
may be the same conductive layer.

In the structure illustrated in FIG. 17C, a conductive layer
116a3 and a conductive layer 11644 which is not easily
oxidized and is provided over the conductive layer 11643 are
used as the source electrode 116a, and a conductive layer
11653 and a conductive layer 11654 which is not easily
oxidized and is provided over the conductive layer 11653 are
used as the drain electrode 1165. When the source electrode
1164 and the drain electrode 1165 have a structure illustrated
in FIG. 17C, part of the n-type regions formed in the oxide
semiconductor layer 106¢ are formed up to the vicinity of the
boundary between the oxide semiconductor layer 1065 and
the oxide semiconductor layer 106¢ and part of the n-type
regions are formed in only the oxide semiconductor layer
106c¢. Further, diffusion of oxygen vacancies in the channel
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length direction is small, so that the channel formation region
is less likely to have n-type conductivity. Since the n-type
regions are formed so as to reach the oxide semiconductor
layer 1065 below the conductive layer 11643 and the conduc-
tive layer 11653, the resistance between the source electrode
1164 and the drain electrode 11654 is small; as a result, the
field-effect mobility of the transistor can be increased. Fur-
ther, owing to the conductive layer 11643 and the conductive
layer 11653, the conductive layer 11644 and the conductive
layer 11654 can have low conductivity. Thus, the thicknesses
of'the conductive layer 11644 and the conductive layer 11654
can be small, which leads to easy microfabrication. In other
words, the structure illustrated in FIG. 17C is favorable for a
miniaturized transistor having a small channel length.

Note that the conductive layer 11643 and the conductive
layer 11644 may be the same conductive layer. In addition,
the conductive layer 11653 and the conductive layer 11654
may be the same conductive layer.

The gate insulating film 112 in FIGS. 15A to 15C may be
formed to have a single-layer structure or a stacked-layer
structure using an insulating film containing one or more of
aluminum oxide, magnesium oxide, silicon oxide, silicon
oxynitride, silicon nitride oxide, silicon nitride, gallium
oxide, germanium oxide, yttrium oxide, zirconium oxide,
lanthanum oxide, neodymium oxide, hatnium oxide, and tan-
talum oxide, for example.

The gate insulating film 112 may be, for example, a mul-
tilayer film including a silicon nitride layer as a first layer and
a silicon oxide layer as a second layer. In that case, the silicon
oxide layer may be a silicon oxynitride layer. In addition, the
silicon nitride layer may be a silicon nitride oxide layer. As
the silicon oxide layer, a silicon oxide layer whose defect
density is low is preferably used. Specifically, a silicon oxide
layer whose spin density attributed to a signal with a g factor
0f 2.001 in ESR is lower than or equal to 3x10'7 spins/cm®,
preferably lower than or equal to 5x10'¢ spins/cm? is used. As
the silicon oxide layer, a silicon oxide layer containing excess
oxygen is preferably used. As the silicon nitride layer, a
silicon nitride layer from which a hydrogen gas and an ammo-
nia gas are less likely to be released is used. The amount of
released hydrogen gas or ammonia gas may be measured by
TDS.

Inthe case where at least one of the gate insulating film 112
and the base insulating film 102 includes an insulating film
containing excess oxygen, oxygen vacancies in the oxide
semiconductor layer 1065 are reduced, so that the transistor
can have stable electrical characteristics.

The gate electrode 104 may be formed to have a single-
layer structure or a stacked-layer structure using a conductive
film containing one or more kinds of aluminum, titanium,
chromium, cobalt, nickel, copper, yttrium, zirconium, molyb-
denum, ruthenium, silver, tantalum, and tungsten, for
example.

The protective insulating film 108 may be formed to have
a single-layer structure or a stacked-layer structure using an
insulating film containing one or more of aluminum oxide,
magnesium oxide, silicon oxide, silicon oxynitride, silicon
nitride oxide, silicon nitride, gallium oxide, germanium
oxide, yttrium oxide, zirconium oxide, lanthanum oxide,
neodymium oxide, hafnium oxide, and tantalum oxide, for
example.

The protective insulating film 108 includes, for example, a
silicon nitride layer. In that case, the silicon nitride layer may
be a silicon nitride oxide layer. As the silicon nitride layer, a
silicon nitride layer from which a hydrogen gas and an ammo-
nia gas are less likely to be released is preferably used. The
amount of released hydrogen gas or ammonia gas may be
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measured by TDS. Further, as the silicon nitride layer, a
silicon nitride layer which does not transmit or hardly trans-
mits hydrogen, water, and oxygen is preferably used.

The protective insulating film 108 includes, for example,
an aluminum oxide layer. As the aluminum oxide layer, an
aluminum oxide layer from which a hydrogen gas is less
likely to be released is preferable. The amount of released
hydrogen gas may be measured by TDS. Further, as the alu-
minum oxide layer, an aluminum oxide layer which does not
transmit or hardly transmits hydrogen, water, and oxygen is
preferably used.

The protective insulating film 118 may be formed to have
a single-layer structure or a stacked-layer structure using an
insulating film containing one or more of silicon oxide, sili-
con oxynitride, germanium oxide, yttrium oxide, zirconium
oxide, lanthanum oxide, neodymium oxide, hathium oxide,
and tantalum oxide, for example. Owing to the protective
insulating film 118, the protective insulating film 108 is not
necessarily provided.

There is no large limitation on the substrate 100. For
example, a glass substrate, a ceramic substrate, a quartz sub-
strate, or a sapphire substrate may be used as the substrate
100. Alternatively, a single crystal semiconductor substrate or
a polycrystalline semiconductor substrate made of silicon,
silicon carbide, or the like, a compound semiconductor sub-
strate made of silicon germanium or the like, a silicon-on-
insulator (SOT) substrate, or the like may be used as the
substrate 100. Still alternatively, any of these substrates pro-
vided with a semiconductor element may be used as the
substrate 100.

In the case of using a large glass substrate such as the fifth
generation (1000 mmx1200 mm or 1300 mmx1500 mm); the
sixth generation (1500 mmx1800 mm); the seventh genera-
tion (1870 mmx2200 mm); the eighth generation (2200
mmx2500 mm); the ninth generation (2400 mmx2800 mm);
or the tenth generation (2880 mmx3130 mm) as the substrate
100, microfabrication is difficult in some cases due to the
shrinkage of the substrate 100, which is caused by heat treat-
ment or the like in a manufacturing process of the semicon-
ductor device. Therefore, in the case where the above-de-
scribed large glass substrate is used as the substrate 100, a
substrate whose shrinkage due to heat treatment is as less as
possible is preferably used. For example, as the substrate 100,
itis possible to use a large glass substrate in which the amount
of shrinkage by heat treatment for one hour at 400° C., pref-
erably 450° C., further preferably 500° C. is less than or equal
to 10 ppm, preferably less than or equal to 5 ppm, further
preferably less than or equal to 3 ppm.

Still alternatively, a flexible substrate may be used as the
substrate 100. As a method of providing the transistor over a
flexible substrate, there is a method in which the transistor is
formed over a non-flexible substrate, and then the transistor is
separated and transferred to the substrate 100 which is a
flexible substrate. In that case, a separation layer is preferably
provided between the non-flexible substrate and the transis-
tor.
<Manufacturing Method of Transistor Structure (1)>

An example of a manufacturing method of the transistor
structure (1) is described below.

FIGS. 18A to 18D and FIGS. 19A to 19D are cross-sec-
tional views corresponding to FIG. 15B.

First, the substrate 100 is prepared.

Next, the base insulating film 102 is formed. The base
insulating film 102 may be formed by a sputtering method, a
chemical vapor deposition (CVD) method, a molecular beam
epitaxy (MBE) method, an atomic layer deposition (ALD)
method, or a pulsed laser deposition (PL.D) method.

10

15

20

25

30

35

40

45

50

55

60

65

44

Alternatively, when a silicon wafer is used as the substrate
100, the base insulating film 102 can be formed by a thermal
oxidation method.

Then, in order to planarize the surface of the base insulat-
ing film 102, chemical mechanical polishing (CMP) may be
performed. By CMP treatment, the average surface roughness
(Ra) of the base insulating film 102 is preferably less than or
equal to 1 nm, further preferably less than or equal to 0.3 nm,
still further preferably less than or equal to 0.1 nm. In some
cases, Ra that is less than or equal to 1 nm can increase the
crystallinity of the oxide semiconductor layer 1065. Note that
the average surface roughness Ra is obtained by expanding
arithmetic mean surface roughness that is defined by JIS B
0601: 2001 (ISO4287:1997), into three dimensions for appli-
cation to a curved surface, and Ra can be expressed as the
average value of the absolute values of deviations from a
reference surface to a specific surface and is defined by For-
mula (23).

1 (2 ™ [Formula 23]
RH=S— [fCx, y) = Zoldxdy
0 Jy

x1

Here, the specific surface is a surface which is a target of
roughness measurement, and is a quadrilateral region which
is specified by four points represented by the coordinates (x;,
Vi £y ¥ (X4, Vo, fX 1, ¥2)) (Ko, ¥4, £(X5, ¥1), and (%, v,
f(x,, ¥,)). In addition, S, represents the area of a rectangle
which is obtained by projecting the specified surface on the xy
plane, and Z, represents the height of the reference surface
(the average height of the specific surface). Further, Ra can be
measured using an atomic force microscope (AFM).

Then, oxygen ions may be added into the base insulating
film 102 so that an insulating film containing excess oxygen
can be formed. The addition of oxygen ions is preferably
performed by an ion-implantation method at acceleration
voltage of 2 kV to 100 kV and at a dose of 5x10'* ions/cm? to
5x10'% ions/cm?, for example.

Next, an oxide semiconductor layer 1364, an oxide semi-
conductor layer 1365, and an oxide semiconductor layer 136¢
are formed in this order (see FIG. 18A). The oxide semicon-
ductor layer 1364, the oxide semiconductor layer 1365, and
the oxide semiconductor layer 136¢ can be formed using any
of'oxides given as examples of the oxide semiconductor layer
106a, the oxide semiconductor layer 1065, and the oxide
semiconductor layer 106¢, respectively. The oxide semicon-
ductor layer 1365 and the oxide semiconductor layer 136¢
may be formed by a sputtering method, a CVD method, an
MBE method, an ALD method, or a PLD method.

First heat treatment is preferably performed after the for-
mation of the oxide semiconductor layer 136¢. The first heat
treatment may be performed at a temperature higher than or
equalto 250° C. and lower than or equal to 650° C., preferably
higher than or equal to 300° C. and lower than or equal to 500°
C. The first heat treatment is performed in an inert gas atmo-
sphere or an atmosphere containing an oxidizing gas at 10
ppm or more, 1% or more, or 10% or more. The first heat
treatment may be performed under a reduced pressure. Alter-
natively, the first heat treatment may be performed in such a
manner that heat treatment is performed in an inert gas atmo-
sphere and then another heat treatment is performed in an
atmosphere containing an oxidizing gas at 10 ppm or more,
1% or more, or 10% or more in order to compensate desorbed
oxygen. By the first heat treatment, the crystallinity of the
oxide semiconductor layer 1365 can be improved, and in
addition, impurities such as hydrogen and water can be
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removed from the oxide semiconductor layer 13654. In addi-
tion, by the first heat treatment, the DOS in the oxide semi-
conductor layer 1065 is reduced, so that the oxide semicon-
ductor layer 1065 can be highly purified. The description of
high purification process can be referred to for a model for
reducing DOS.

Next, the oxide semiconductor layer 1364, the oxide semi-
conductor layer 1365, and the oxide semiconductor layer
136¢ are partly etched to form the oxide semiconductor layer
106a, the oxide semiconductor layer 1065, and the oxide
semiconductor layer 106¢ that have island shapes (see FIG.
18B).

Next, a conductive film 116 is formed. The conductive film
116 may be formed using a conductive film selected from the
conductive films given as examples of the source electrode
1164 and the drain electrode 1165. The conductive film 116
may be formed by a sputtering method, a CVD method, an
MBE method, an ALD method, or a PLD method. At this
time, n-type regions are in some cases formed in regions
represented by broken lines in the oxide semiconductor layer
106a, the oxide semiconductor layer 1065, and the oxide
semiconductor layer 106¢ (see FIG. 18C). The n-type regions
are formed resulting from generation of oxygen vacancies in
the oxide semiconductor layer 106¢ due to damages when the
conductive film 116 is formed over the oxide semiconductor
layer 106¢ or action of the conductive film 116. For example,
due to entry of hydrogen into the site of oxygen vacancies, an
electron serving as a carrier is generated. Note that the n-type
regions are formed up to the vicinity of the boundary between
the oxide semiconductor layer 106¢ and the oxide semicon-
ductor layer 1065 as a non-limiting example illustrated in
FIG. 17A. For example, the n-type regions may be formed in
the oxide semiconductor layer 106¢ and the oxide semicon-
ductor layer 1064, or only in the oxide semiconductor layer
106¢.

Next, the conductive film 116 is partly etched to form the
source electrode 1164 and the drain electrode 1165 (see FIG.
18D).

Next, second heat treatment is preferably performed. The
second heat treatment may be performed under conditions
selected from the conditions shown in the first heat treatment.
By the second heat treatment, the n-type region where the
oxide semiconductor layer 106¢ is exposed can be turned into
an i-type region (see FIG. 19A). Therefore, in the oxide
semiconductor layer 106¢, the n-type regions can be formed
only just under the source electrode 1164 and the drain elec-
trode 1164. Due to the n-type regions, the contact resistance
between the oxide semiconductor layer 106¢, and the source
electrode 1164 and the drain electrode 1165 can be reduced,
so that the amount of on-state current of the transistor can be
increased. In addition, the second heat treatment can serve
also as the first heat treatment.

Next, the gate insulating film 112 is formed (see F1G. 19B).
The gate insulating film 112 may be formed by a sputtering
method, a CVD method, an MBE method, an ALD method, or
a PLD method.

Next, a conductive film to be the gate electrode 104 is
formed. The conductive film to be the gate electrode 104 may
be formed using a conductive film selected from the conduc-
tive films given as examples of the gate electrode 104. The
conductive film to be the gate electrode 104 may be formed by
a sputtering method, a CVD method, an MBE method, an
ALD method, or a PLD method.

Next, the conductive film to be the gate electrode 104 is
partly etched to form the gate electrode 104 (see FIG. 19C).
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Next, the protective insulating film 108 is formed. The
protective insulating film 108 may be formed by a sputtering
method, a CVD method, an MBE method, an ALD method, or
a PLD method.

Next, the protective insulating film 118 is formed (see FIG.
19D). The protective insulating film 118 may be formed by a
sputtering method, a CVD method, an MBE method, an ALD
method, or a PLD method.

Next, third heat treatment is preferably performed. The
third heat treatment may be performed under conditions
selected from the conditions shown in the first heat treatment
or may be performed at a temperature lower than those for the
first heat treatment and the second heat treatment.

Through the above steps, the transistor illustrated in FIGS.
15A to 15C can be manufactured.
<Manufacturing Apparatus>

When the concentration of impurities in the oxide semi-
conductor layer 1065 is low and the defect density is low (in
other words, the oxide semiconductor layer 1065 is a highly
purified and intrinsic), the transistor has stable electrical char-
acteristics. Moreover, the oxide semiconductor layer 1065
with high crystallinity has electrical characteristics more
stable than those of the oxide semiconductor layer 1065 with
an amorphous structure. A deposition apparatus for deposit-
ing the oxide semiconductor layer 1065 with a low impurity
concentration and high crystallinity is described below. The
deposition apparatus described below can be used for forma-
tion of components other than transistors. With the use of the
deposition apparatus, the impurity concentrations of other
components can be reduced.

First, a structure of a deposition apparatus which allows the
entry of few impurities at the time of deposition is described
with reference to FIGS. 31A and 31B.

FIG. 31A is a top view of a multi-chamber deposition
apparatus. The deposition apparatus includes an atmosphere-
side substrate supply chamber 71 provided with three cassette
ports 74 for holding substrates, a load lock chamber 724, an
unload lock chamber 725, a transfer chamber 73, a transfer
chamber 73a, a transfer chamber 735, a substrate heating
chamber 75, a deposition chamber 70a, and a deposition
chamber 705. The atmosphere-side substrate supply chamber
71 is connected to the load lock chamber 72a and the unload
lock chamber 725. The load lock chamber 724 and the unload
lock chamber 725 are connected to the transfer chamber 73
through the transfer chamber 734 and the transfer chamber
73b, respectively. The substrate heating chamber 75, the
deposition chamber 70qa, and the deposition chamber 705 are
connected only to the transfer chamber 73. Gate valves (GV)
are provided for connecting portions between chambers so
that each chamber except the atmosphere-side substrate sup-
ply chamber 71 can be independently kept under vacuum.
Moreover, the atmosphere-side substrate supply chamber 71
and the transfer chamber 73 each include one or more sub-
strate transfer robots 76, with which a substrate can be trans-
ferred. Here, it is preferable that the substrate heating cham-
ber 75 also serve as a plasma treatment chamber. With a
multi-chamber deposition apparatus, it is possible to transfer
a substrate without exposure to the air between treatment and
treatment, and adsorption of impurities to a substrate can be
suppressed. In addition, the order of deposition, heat treat-
ment, or the like can be freely determined. Note that the
number of the transfer chambers, the number of the deposi-
tion chambers, the number of the load lock chambers, the
number of the unload lock chambers, and the number of the
substrate heating chambers are not limited to the above, and
can be determined as appropriate depending on the space for
placement or the process.
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FIG. 31B is a top view of a multi-chamber deposition
apparatus having a structure different from that illustrated in
FIG. 31A. The deposition apparatus includes an atmosphere-
side substrate supply chamber 81 including cassette ports 84,
a load/unload lock chamber 82, a transfer chamber 83, a
substrate heating chamber 85, substrate transfer robots 86, a
deposition chamber 80a, a deposition chamber 805, a depo-
sition chamber 80c¢, and a deposition chamber 80d. The atmo-
sphere-side substrate supply chamber 81, the substrate heat-
ing chamber 85, the deposition chamber 80a, the deposition
chamber 805, the deposition chamber 80c, and the deposition
chamber 80d are connected to one another through the trans-
fer chamber 83.

Here, an example of the deposition chamber (sputtering
chamber) illustrated in FIG. 31B is described with reference
to FIG. 32A. The deposition chamber 805 includes a target
87, an attachment protection plate 88, and a substrate stage
90, for example. Note that here, a glass substrate 89 is set on
the substrate stage 90. Although not illustrated, the substrate
stage 90 may include a substrate holding mechanism which
holds the glass substrate 89, a rear heater which heats the glass
substrate 89 from the back surface, or the like. The attachment
protection plate 88 can suppress deposition of a particle
which is sputtered from the target 87 on a region where
deposition is not needed.

The deposition chamber 804 illustrated in FIG. 32A is
connected to a refiner 94 through a mass flow controller 97.
Note that although the refiner 94 and the mass flow controller
97 are provided in accordance with the number of kinds of
gases, only one refiner 94 and one mass flow controller 97 are
illustrated for simplicity. As a gas introduced to the deposition
chamber 806 or the like, a gas whose dew point is lower than
or equal to —-80° C., preferably lower than or equal to -100°
C., more preferably lower than or equal to —120° C. is used.
With the use of an oxygen gas, a rare gas (e.g., an argon gas),
or the like whose dew point is low, moisture entering a film at
the time of deposition can be reduced.

Note that a vacuum pump 96 may be, for example, a pump
in which a dry pump and a mechanical booster pump are
connected in series. With such a structure, the deposition
chamber 805 and the transfer chamber 83 are evacuated from
atmospheric pressure to a low vacuum (about 0.1 Pato 10 Pa)
by the vacuum pump 96, and then evacuated from the low
vacuum to a high vacuum (1x1077 Pa to 1x10™* Pa) by a
cryopump 95a or 955 after the valves are switched.

Next, another example of the deposition chamber illus-
trated in FIG. 31B is described with reference to FIG. 32B.

The deposition chamber 806 illustrated in FIG. 32B is
connected to the transfer chamber 83 through the gate valve,
and the transfer chamber 83 is connected to the load/unload
lock chamber 82 through the gate valves.

The deposition chamber 805 in FIG. 32B is connected to
the mass flow controller 97 through a gas heating system 98,
and the gas heating system 98 is connected to the refiner 94
through the mass flow controller 97. With the gas heating
system 98, a gas used in the deposition chamber 805 can be
heated to a temperature higher than or equal to 40° C. and
lower than or equal to 400° C. or higher than or equal to 50°
C. and lower than or equal to 200° C. Note that although the
gas heating system 98, the refiner 94, and the mass flow
controller 97 are provided in accordance with the number of
kinds of gases, only one gas heating system 98, one refiner 94,
and one mass flow controller 97 are provided for simplicity.

The deposition chamber 8056 in FIG. 32B is connected to a
turbo molecular pump 95¢ and a vacuum pump 965 each
through a valve. Note that as an auxiliary pump, a vacuum
pump 96a is provided for the turbo molecular pump 95¢
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through a valve. The vacuum pump 96a and the vacuum pump
965 can have structures similar to that of the vacuum pump
96. In addition, the deposition chamber 805 in FIG. 32B is
provided with a cryotrap 99.

Itis known that the turbo molecular pump 95¢ is capable of
stably evacuating a large-sized molecule (atom), needs low
frequency of maintenance, and thus enables high productiv-
ity, whereas it has a low capability in evacuating hydrogen
and water. Hence, the cryotrap 99 having a high capability in
evacuating a molecule (atom) having a relatively high melting
point, such as water, is connected to the deposition chamber
805. The temperature of a refrigerator of the cryotrap 99 is set
to be lower than or equal to 100 K, preferably lower than or
equal to 80 K. When the cryotrap 99 includes a plurality of
refrigerators, the refrigerators preferably have different tem-
peratures, in which case efficient evacuation can be per-
formed. For example, the temperatures of a first-stage refrig-
erator and a second-stage refrigerator may be set at 100 K or
lower and 20 K or lower, respectively.

The transfer chamber 83 in FIG. 32B is connected to the
vacuum pump 964, a cryopump 954, and a cryopump 95¢
each through a valve. In the case of one cryopump, evacuation
cannot be performed while the cryopump is in regeneration;
however, in the case of two or more cryopumps which are
connected in parallel, even when one of the cryopumps is in
regeneration, evacuation can be performed using any of the
other cryopumps. Note that regeneration of a cryopump refers
to treatment for discharging molecules (atoms) entrapped in
the cryopump. When molecules (or atoms) are entrapped too
much in a cryopump, the evacuation capability of the cry-
opump is lowered; therefore, regeneration is performed regu-
larly.

The load/unload lock chamber 82 in FIG. 32B is connected
to a cryopump 95f'and a vacuum pump 96¢ each through a
valve. Note that the vacuum pump 96c¢ may have a structure
similar to that of the vacuum pump 96.

In the deposition chamber 805, a target-facing-type sput-
tering apparatus may be employed. Note that a parallel-plate-
type sputtering device or an ion beam sputtering apparatus
may be provided in the deposition chamber 804.

Next, an evacuation example of the substrate heating
chamber in FIG. 31B is described with reference to FIG. 33.

The substrate heating chamber 85 illustrated in FIG. 33 is
connected to the transfer chamber 83 through a gate valve.
Note that the transfer chamber 83 is connected to the load/
unload lock chamber 82 through a gate valve.

The substrate heating chamber 85 in FIG. 33 is connected
to the refiner 94 through the mass flow controller 97. Note that
although the refiner 94 and the mass flow controller 97 are
provided in accordance with the number of kinds of gases,
only one refiner 94 and one mass flow controller 97 are
illustrated for simplicity. In addition, the substrate heating
chamber 85 is connected to the vacuum pump 965 through a
valve.

In addition, the substrate heating chamber 85 includes a
substrate stage 92. At least one substrate is set on the substrate
stage 92, and a substrate stage on which a plurality of sub-
strates can be set may be used as the substrate stage 92. The
substrate heating chamber 85 also includes a heating mecha-
nism 93. The heating mechanism 93 may be the one using a
resistance heater for heating, for example. Alternatively, heat
conduction or heat radiation from a medium such as a heated
gas may be used as the heating mechanism. For example, a
rapid thermal annealing (RTA) apparatus such as a gas rapid
thermal annealing (GRTA) apparatus or a lamp rapid thermal
annealing (LRTA) apparatus can be used. The LRTA appara-
tus is an apparatus for heating an object by radiation of light
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(an electromagnetic wave) emitted from a lamp such as a
halogen lamp, a metal halide lamp, a xenon arc lamp, a carbon
arc lamp, a high-pressure sodium lamp, or a high-pressure
mercury lamp. In the GRTA apparatus, heat treatment is per-
formed using a high-temperature gas. An inert gas is used as
a gas. The RTA apparatus enables heat treatment in a short
time; thus, the amount of bending of the substrate caused by
the heat treatment can be reduced. In particular, in a large
glass substrate, bending may cause a reduction in yield of a
semiconductor device even in a small amount. Accordingly,
the RTA apparatus is preferably used for heat treatment at a
high temperature such that a substrate is bent.

Note that the back pressure of each of the deposition cham-
ber 805 and the substrate heating chamber 85 is lower than or
equal to 1x10~* Pa, preferably lower than or equal to 3x107>
Pa, further preferably lower than or equal to 1x10~> Pa. In
each of the deposition chamber 805 and the substrate heating
chamber 85, the partial pressure of a gas molecule (atom)
having a mass-to-charge ratio (n/z) of 18 is lower than or
equal to 3x107> Pa, preferably lower than or equal to 1x107>
Pa, further preferably lower than or equal to 3x107° Pa. In
each of the deposition chamber 805 and the substrate heating
chamber 85, the partial pressure of a gas molecule (atom)
having a mass-to-charge ratio (n/z) of 28 is lower than or
equal to 3x107> Pa, preferably lower than or equal to 1x107>
Pa, further preferably lower than or equal to 3x107% Pa. More-
over, in each of the deposition chamber 805 and the substrate
heating chamber 85, the partial pressure of a gas molecule
(atom) having a mass-to-charge ratio (m/z) of 44 is lower than
or equal to 3x10™> Pa, preferably lower than or equal to
1x107° Pa, further preferably lower than or equal to 3x107°
Pa.

Further, in each of the deposition chamber 805 and the
substrate heating chamber 85, the leakage rate is less than or
equal to 3x107° Pa-m?/s, preferably less than or equal to
1x107° Pa-m’/s. In each of the deposition chamber 805 and
the substrate heating chamber 85, the leakage rate of a gas
molecule (atom) having a mass-to-charge ratio (m/z) of 18 is
less than or equal to 1x1077 Pa-m>/s, preferably less than or
equal to 3x10™® Pa-m*/s. In each of the deposition chamber
805 and the substrate heating chamber 85, the leakage rate of
a gas molecule (atom) having a mass-to-charge ratio (m/z) of
28 is less than or equal to 1x107° Pa-m?/s, preferably less than
or equal to 1x107® Pa-m>/s. Moreover, in each of the deposi-
tion chamber 805 and the substrate heating chamber 85, the
leakage rate of a gas molecule (atom) having a mass-to-
charge ratio (m/z) of 44 is less than or equal to 3x
1076 Pa-m’/s, preferably less than or equal to 1x107° Pa-m*/s.

Note that the total pressure and the partial pressure in the
vacuum chambers such as the deposition chamber, the sub-
strate heating chamber, and the transfer chamber can be mea-
sured using a mass analyzer. For example, Qulee CGM-051,
a quadrupole mass analyzer (also referred to as Q-mass)
manufactured by ULVAC, Inc. may be used. Note that a
leakage rate can be derived from the total pressure and partial
pressure measured using the mass analyzer. The leakage rate
depends on external leakage and internal leakage. The exter-
nal leakage refers to inflow of gas from the outside of a
vacuum system through a minute hole, a sealing defect, or the
like. The internal leakage is due to leakage through a parti-
tion, such as a valve, in a vacuum system or due to gas
released from an internal member. Measures need to be taken
from both aspects of external leakage and internal leakage in
order that the leakage rate be lower than or equal to the above
value.

When an adsorbate is present in the deposition chamber,
the adsorbate does not affect the pressure in the deposition
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chamber because it is adsorbed onto an inner wall or the like;
however, the adsorbate causes gas to be released when the
inside of the deposition chamber is evacuated. Therefore, it is
important that the adsorbate present in the deposition cham-
ber be desorbed as much as possible with the use of a pump
having high evacuation capability. Note that the deposition
chamber may be baked to promote desorption of the adsor-
bate.

Alternatively, treatment for evacuating the inside of the
deposition chamber is preferably performed a certain period
oftime after heated oxygen, a heated inert gas such as aheated
rare gas, or the like is introduced to increase a pressure in the
deposition chamber. The introduction of the heated gas can
desorb the adsorbate in the deposition chamber, and the impu-
rities present in the deposition chamber can be reduced.

The rate of desorption of the adsorbate can be further
increased also by dummy deposition. Here, the dummy depo-
sition refers to deposition on a dummy substrate by a sputter-
ing method or the like, in which a film is formed on the
dummy substrate and the inner wall of the deposition cham-
ber so that impurities in the deposition chamber and an adsor-
bate on the inner wall of the deposition chamber are confined
in the film. As the dummy substrate, a substrate which
releases a smaller amount of gas is preferably used, and for
example, a substrate similar to the substrate 100 described
later may be used. By performing dummy deposition, the
concentration of impurities in a film to be formed later can be
reduced. Note that the dummy deposition may be performed
at the same time as the baking of the deposition chamber.

The oxide semiconductor layer 1065 is formed with the use
of the above deposition apparatus, so that the entry of impu-
rities into the oxide semiconductor layer 1065 can be sup-
pressed. Further, a film in contact with the oxide semiconduc-
tor layer 1065 is formed with the use of the above deposition
apparatus, so that the entry of impurities into the oxide semi-
conductor layer 1065 from the film in contact with the oxide
semiconductor layer 1065 can be suppressed.

Next, amethod for successively depositing the oxide semi-
conductor layer 1064, the oxide semiconductor layer 1065,
and the oxide semiconductor layer 106¢ using the above
deposition apparatus is described.

First, the oxide semiconductor layer 106a is formed. As the
heating temperature at the time of deposition increases, the
concentration of impurities in the oxide semiconductor layer
106a decreases. Further, a substrate temperature at the time of
deposition is higher than or equal to 150° C. and lower than or
equal to 500° C., preferably higher than or equal to 170° C.
and lower than or equal to 450° C., for example. The oxide
semiconductor layer 106a is formed after the following steps:
a substrate is transferred to the deposition chamber; a depo-
sition gas is flown; and the deposition pressure is kept for
longer than or equal to 10 seconds and shorter than or equal to
1000 seconds, preferably longer than or equal to 15 seconds
and shorter than or equal to 720 seconds to be stabilized. The
substrate is held for the above period of time in order to
stabilize the pressure, whereby the amount of impurities
entering the oxide semiconductor layer 106a at the time of the
deposition can be reduced.

Then, the substrate is put into another deposition chamber,
so that the oxide semiconductor layer 1065 is formed. As the
heating temperature at the time of deposition increases, the
concentration of impurities in the oxide semiconductor layer
1064 decreases. Further, a substrate temperature at the time of
deposition is higher than or equal to 150° C. and lower than or
equal to 500° C., preferably higher than or equal to 170° C.
and lower than or equal to 450° C., for example. The oxide
semiconductor layer 10654 is formed after the following steps:
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a substrate is transferred to the deposition chamber; a depo-
sition gas is flown; and the deposition pressure is kept for
longer than or equal to 10 seconds and shorter than or equal to
1000 seconds, preferably longer than or equal to 15 seconds
and shorter than or equal to 720 seconds to be stabilized. The
substrate is held for the above period of time in order to
stabilize the pressure, whereby the amount of impurities
entering the oxide semiconductor layer 1065 at the time of the
deposition can be reduced.

Next, the substrate is put into another deposition chamber,
so that the oxide semiconductor layer 106¢ is formed. As the
heating temperature at the time of deposition increases, the
concentration of impurities in the oxide semiconductor layer
106¢ decreases. Further, a substrate temperature at the time of
deposition is higher than or equal to 150° C. and lower than or
equal to 500° C., preferably higher than or equal to 170° C.
and lower than or equal to 450° C., for example. The oxide
semiconductor layer 106¢ is formed after the following steps:
a substrate is transferred to the deposition chamber; a depo-
sition gas is flown; and the deposition pressure is kept for
longer than or equal to 10 seconds and shorter than or equal to
1000 seconds, preferably longer than or equal to 15 seconds
and shorter than or equal to 720 seconds to be stabilized. The
substrate is held for the above period of time in order to
stabilize the pressure, whereby the amount of impurities
entering the oxide semiconductor layer 106¢ at the time of the
deposition can be reduced.

Note that in the case where the oxide semiconductor layer
106a, the oxide semiconductor layer 1065, and the oxide
semiconductor layer 106¢ are formed over a plurality of sub-
strates, it is preferable that a rare gas, an oxygen gas, or the
like be continuously supplied in a small amount even in a
period during which the formation is not performed. In that
case, the pressure of the deposition chamber can be kepthigh;
thus, counter flow of impurities from the vacuum pump or the
like can be reduced. Release of impurities from a pipe,
another member, or the like can be suppressed. Accordingly,
entry of impurities into the oxide semiconductor layer 106a,
the oxide semiconductor layer 1065, and the oxide semicon-
ductor layer 106¢ can be reduced. For example, the flow rate
of argon is greater than or equal to 1 sccm and less than or
equal to 500 sccm, preferably greater than or equal to 2 sccm
and less than or equal to 200 sccm, further preferably greater
than or equal to 5 sccm and less than or equal to 100 scem.

Next, heat treatment is performed. The heat treatment is
performed in an inert atmosphere or an oxidizing atmosphere.
The heat treatment may be performed under a reduced pres-
sure. The heat treatment can decrease the impurity concen-
tration of the oxide semiconductor layer 106a, the oxide
semiconductor layer 1065, and the oxide semiconductor layer
106¢.

The heat treatment is preferably performed in such a man-
ner that heat treatment is performed in an inert atmosphere,
and then the atmosphere is switched to an oxidation atmo-
sphere with the temperature maintained, and heat treatment is
further performed. When the heat treatment is performed in
an inert atmosphere, the concentration of impurities in the
oxide semiconductor layer 1064, the oxide semiconductor
layer 1065, and the oxide semiconductor layer 106¢ can be
reduced; however, oxygen vacancies are caused at the same
time in some cases. By the heat treatment in an oxidation
atmosphere, the caused oxygen vacancies can be reduced.

The concentration of hydrogen in each of the oxide semi-
conductor layer 1064, the oxide semiconductor layer 1065,
and the oxide semiconductor layer 106¢ that are obtained in
this manner, which is measured by SIMS, is set to be lower
than or equal to 2x10°° atoms/cm®, preferably lower than or
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equal to 5x10'° atoms/cm>, further preferably lower than or
equal to 1x10*° atoms/cm?, still further preferably lower than
or equal to 5x10"® atoms/cm>.

The concentration of carbon in each of the oxide semicon-
ductor layer 1064, the oxide semiconductor layer 1065, and
the oxide semiconductor layer 106c measured by SIMS is set
to be lower than 5x10'° atoms/cm®, preferably lower than or
equal to 5x10"® atoms/cm?, further preferably lower than or
equal to 2x10'® atoms/cm?, still further preferably lower than
or equal to 5x10'7 atoms/cm®.

The oxide semiconductor layer 106a, the oxide semicon-
ductor layer 1065, and the oxide semiconductor layer 106¢
are formed as described above, whereby the crystallinity of
the oxide semiconductor layer 1065 can be improved, and the
concentrations of impurities in the oxide semiconductor layer
106a, the oxide semiconductor layer 1065, and the oxide
semiconductor layer 106¢ and at the interface between the
oxide semiconductor layer 1064 and the oxide semiconductor
layer 1065 and the interface between the oxide semiconduc-
tor layer 1065 and the oxide semiconductor layer 106¢ can be
reduced.
<Transistor Structure (2)>

Next, an example of a top-gate and top-contact transistor
having a structure different from that of the transistor struc-
ture (1) is described.

FIGS. 20A 10 20C are a top view and cross-sectional views
of'the transistor. FIG. 20A is a top view of the transistor. FIG.
20B is the cross-sectional view taken along dashed-dotted
line B1-B2 in FIG. 20A. FIG. 20C is the cross-sectional view
taken along dashed-dotted line B3-B4 in FIG. 20A.

The transistor illustrated in FIG. 20B includes a base insu-
lating film 202 over a substrate 200, an oxide semiconductor
layer 206a over the base insulating film 202, an oxide semi-
conductor layer 2065 over the oxide semiconductor layer
2064, a source electrode 216a and a drain electrode 21654 in
contact with the oxide semiconductor layer 2065, an oxide
semiconductor layer 206¢ over the oxide semiconductor layer
2065 and the source electrode 2164 and the drain electrode
2165, a gate insulating film 212 over the oxide semiconductor
layer 206¢, and a gate electrode 204 over the gate insulating
film 212. Preferably, a protective insulating film 218 is
formed over the gate insulating film 212 and the gate elec-
trode 204, and a protective insulating film 208 is formed over
the protective insulating film 218. Note that the transistor
does not necessarily include the base insulating film 202.

Note that the transistor illustrated in FIG. 20B may have a
structure in which the stacking order of the protective insu-
lating film 208 and the protective insulating film 218 is
reversed (see FIGS. 21A to 21C). In the transistor illustrated
in FIGS. 21A to 21C, in some cases, outward diffusion of
excess oxygen released from the base insulating film 202 is
less likely to occur than in the transistor illustrated in FIGS.
20A to 20C. Thus, there is a possibility that oxygen vacancies
in the oxide semiconductor layer 2064, the oxide semicon-
ductor layer 2065, and the oxide semiconductor layer 206¢
can be reduced (DOS can be reduced) more than those in the
transistor illustrated in FIGS. 20A to 20C.

The oxide semiconductor layer 206a of the transistor in
FIGS. 20A to 20C corresponds to the oxide semiconductor
layer (S1) in FIGS. 1A and 1B, for example. The oxide
semiconductor layer 2065 of the transistor in FIGS. 20A to
20C corresponds to the oxide semiconductor layer (S2) in
FIGS. 1A and 1B, for example. The oxide semiconductor
layer 206¢ of the transistor in FIGS. 20A to 20C corresponds
to the oxide semiconductor layer (S3) in FIGS. 1A and 1B, for
example.
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The base insulating film 202 of the transistor in FIGS. 20A
to 20C corresponds to the gate insulating film (bg) of the
transistor in FIG. 5A, for example. In addition, the transistor
in FIGS. 20A to 20C may include the gate electrode (bg) of
the transistor in FIG. 5A, for example. The transistor in FIGS.
20A to 20C may include a back gate electrode that is opposite
to the gate electrode 204 and is in contact with the bottom
surface of the base insulating film 202, for example. In addi-
tion, in the transistor in FIGS. 20A to 20C, if the substrate 200
has conductivity, the substrate 200 can correspond to the gate
insulating film (bg) of the transistor in FIG. 5A, for example.
In the transistor in FIGS. 20A to 20C, if a conductive film
serving as a wiring or the like is provided below the base
insulating film 202, the conductive film can correspond to the
gate insulating film (bg) of the transistor in FIG. 5A, for
example.

In the example illustrated in FIGS. 20A to 20C, the gate
electrode 204, the gate insulating film 212, and the oxide
semiconductor layer 206¢ have substantially the same top
shapes (shapes in the top view illustrated), but the present
invention is not limited to the example. For example, the
oxide semiconductor layer 206c¢ and/or the gate insulating
film 212 may be provided outside the gate electrode 204.

Note that a conductive film used for the source electrode
216a and the drain electrode 21654 takes oxygen away from
part of the oxide semiconductor layer 2065 or forms a mixed
layer depending on its kind, which in some cases results in
formation of n-type regions in the oxide semiconductor layer
2065.

Note that as illustrated in the top view of FIG. 20A, the
oxide semiconductor layer 2064 is provided outside the gate
electrode 204. However, the oxide semiconductor layer 2065
may be provided inside the gate electrode 204. With such a
structure, when light irradiation is performed from the gate
electrode 204 side, generation of carriers in the oxide semi-
conductor layer 2065 due to light can be suppressed. In other
words, the gate electrode 204 functions as a light-blocking
film.

The positions of the protective insulating film 218 and the
protective insulating film 208 may be reversed. For example,
the protective insulating film 218 may be provided over the
protective insulating film 208.

For the oxide semiconductor layer 2064, the oxide semi-
conductor layer 2065, and the oxide semiconductor layer
206c¢, the description of the oxide semiconductor layer 106a,
that of the oxide semiconductor layer 1065, and that of the
oxide semiconductor layer 106¢ are referred to, respectively.
For the base insulating film 202, the description of the base
insulating film 102 is referred to. For the source electrode
216a and the drain electrode 2165, the description of the
source electrode 1164 and the drain electrode 1165 is referred
to. For the gate insulating film 212, the description of the gate
insulating film 112 is referred to. For the gate electrode 204,
the description of the gate electrode 104 is referred to. For the
protective insulating film 218, the description of the protec-
tive insulating film 118 is referred to. For the protective insu-
lating film 208, the description of the protective insulating
film 108 is referred to. For the substrate 200, the description
of the substrate 100 is referred to.
<Manufacturing Method of Transistor Structure (2)>

An example of a manufacturing method of the transistor
structure (2) is described below.

FIGS. 22A to 22D and FIGS. 23A to 23D are cross-sec-
tional views corresponding to FIG. 20B.
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First, the substrate 200 is prepared.

Next, the base insulating film 202 is formed. For the for-
mation method of the base insulating film 202, the description
of the base insulating film 102 is referred to.

Next, the oxide semiconductor layer 236a and the oxide
semiconductor layer 2365 are formed in this order (see FIG.
22A). For the formation method of the oxide semiconductor
layer 236a and the oxide semiconductor layer 2364, the
description of the oxide semiconductor layer 136a and the
oxide semiconductor layer 1365 is referred to.

Next, first heat treatment is preferably performed. For the
first heat treatment, the description of the manufacturing
method of the transistor structure (1) is referred to.

Then, the oxide semiconductor layer 2364 and the oxide
semiconductor layer 2365 are partly etched to form the oxide
semiconductor layer 2064 and the oxide semiconductor layer
2065 that have island shapes (see FIG. 22B).

Next, a conductive film 216 is formed (see FI1G. 22C). For
the formation method of the conductive film 216, the descrip-
tion of the conductive film 116 is referred to.

Next, the conductive film 216 is partly etched to form the
source electrode 2164 and the drain electrode 2165.

Next, second heat treatment is preferably performed. For
the second heat treatment, the description of the manufactur-
ing method of the transistor structure (1) is referred to. By the
second heat treatment, the n-type region where the oxide
semiconductor layer 2065 is exposed can be turned into an
i-type region (see FIG. 22D).

Then, an oxide semiconductor layer 236¢ is formed (see
FIG. 23A). For the formation method of the oxide semicon-
ductor layer 236¢, the description of the oxide semiconductor
layer 136c¢ is referred to.

Next, an insulating film 242 is formed. For the formation
method of the insulating film 242, the description of the gate
insulating film 112 is referred to.

The insulating film 242 can be formed by a plasma CVD
method, for example. By the CVD method, a denser insulat-
ing film having a lower density of defects can be provided, as
a substrate temperature gets higher. Because the insulating
film 242 after being processed serves as the gate insulating
film 212, a transistor can have more stable electrical charac-
teristics, as the insulating film 242 gets denser and density of
defects thereof gets lower. On the other hand, when the base
insulating film 202 contains excess oxygen, a transistor can
have stable electrical characteristics. However, by raising the
substrate temperature when the base insulating film 202 is
exposed, oxygen is released from the base insulating film 202,
so that excess oxygen is reduced. Here, because the base
insulating film 202 is covered with the oxide semiconductor
layer 236c¢ at the time of formation of the insulating film 242,
oxygen can be prevented from being released from the base
insulating film 202. Therefore, the insulating film 242 can be
dense and have a low density of defects, without reducing
excess oxygen contained in the base insulating film 202. For
this reason, the reliability of the transistor can be improved.

Next, a conductive film 234 is formed (see FI1G. 23B). For
the formation method of the conductive film 234, the descrip-
tion of the conductive film to be the gate electrode 104 is
referred to.

Then, the oxide semiconductor layer 236¢, the insulating
film 242, and the conductive film 234 are partly etched to
form the oxide semiconductor layer 206¢, the gate insulating
film 212, and the gate electrode 204 (see FIG. 23C).

Next, the protective insulating film 218 is formed. For the
formation method of the protective insulating film 218, the
description of the protective insulating film 118 is referred to.
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Next, the protective insulating film 208 is formed (see FIG.
23D). For the formation method of the protective insulating
film 208, the description of the protective insulating film 108
is referred to.

Next, third heat treatment is preferably performed. For the
third heat treatment, the description of the manufacturing
method of the transistor structure (1) is referred to.

Through the above steps, the transistor illustrated in FIGS.
20A to 20C can be manufactured.
<Transistor Structure (3)>

Next, an example of a bottom-gate top-contact transistor is
described.

FIGS. 24 A to 24D are a top view and cross-sectional views
of'the transistor. FIG. 24A is a top view of the transistor. FIG.
24B is the cross-sectional view taken along dashed-dotted
line C1-C2 in FIG. 24A. FIG. 24C is the cross-sectional view
taken along dashed-dotted line C3-C4 in FIG. 24A.

The transistor illustrated in FIG. 24B includes a gate elec-
trode 304 over a substrate 300, a gate insulating film 312 over
the gate electrode 304, an oxide semiconductor layer 3064
over the gate insulating film 312, an oxide semiconductor
layer 3065 over the oxide semiconductor layer 3064, an oxide
semiconductor layer 306¢ over the oxide semiconductor layer
3065, and a source electrode 316a and a drain electrode 3165
in contact with the oxide semiconductor layer 306¢. A pro-
tective insulating film 318 is preferably provided over the
oxide semiconductor layer 306¢, and the source electrode
316a and the drain electrode 3165.

The protective insulating film 318 of the transistor in FIGS.
24 A 10 24D corresponds to the gate insulating film (bg) of the
transistor in FIG. 5A, for example. In addition, the transistor
in FIGS. 24A to 24D may include the gate electrode (bg) of
the transistor in FIG. 5A, for example. The transistor in FIGS.
24 A to 24D may include a back gate electrode that is opposite
to the gate electrode 304 and is in contact with the top surface
of the protective insulating film 318, for example. In the
transistor in FIGS. 24 A to 24D, if a conductive film serving as
a wiring or the like is provided over the protective insulating
film 318, the conductive film can correspond to the gate
insulating film (bg) of the transistor in FIG. 5A, for example.

Note that a conductive film used for the source electrode
316a and the drain electrode 31654 takes oxygen away from
part of the oxide semiconductor layer 3065 and part of the
oxide semiconductor layer 306¢ or forms a mixed layer
depending on its kind, which in some cases results in forma-
tion of n-type regions (low-resistance regions) in the oxide
semiconductor layer 3065 and the oxide semiconductor layer
306¢.

Note that as illustrated in FIG. 24 A, the gate electrode 304
is provided such that the edge of the oxide semiconductor
layer 30654 is located on the inner side of the edge of the gate
electrode 304 in the top view. With such a structure, when
light irradiation is performed from the gate electrode 304
side, generation of carriers in the oxide semiconductor layer
3065 due to light can be suppressed. In other words, the gate
electrode 304 functions as a light-blocking film. Note that the
oxide semiconductor layer 3065 may be provided outside the
gate electrode 304.

For the oxide semiconductor layer 3064, the oxide semi-
conductor layer 3065, and the oxide semiconductor layer
306c¢, the description of the oxide semiconductor layer 106c¢,
that of the oxide semiconductor layer 1065, and that of the
oxide semiconductor layer 1064 are referred to, respectively.
In other words, the bottom-gate and top-contact transistor has
a reverse stacked-layer structure of the top-gate and top-
contact transistor.
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The protective insulating film 318 may be formed to have
a single-layer structure or a stacked-layer structure using an
insulating film containing one or more of aluminum oxide,
magnesium oxide, silicon oxide, silicon oxynitride, silicon
nitride oxide, silicon nitride, gallium oxide, germanium
oxide, yttrium oxide, zirconium oxide, lanthanum oxide,
neodymium oxide, hafnium oxide, and tantalum oxide, for
example.

The protective insulating film 318 may be, for example, a
multilayer film including a silicon oxide layer as a first layer
and a silicon nitride layer as a second layer. In that case, the
silicon oxide layer may be a silicon oxynitride layer. In addi-
tion, the silicon nitride layer may be a silicon nitride oxide
layer. As the silicon oxide layer, a silicon oxide layer whose
defect density is low is preferably used. Specifically, a silicon
oxide layer whose spin density attributed to a signal witha g
factor of 2.001 in ESR is lower than or equal to 3x10*7
spins/cm’, preferably lower than or equal to 5x10'° spins/cm®
isused. As the silicon nitride layer, a silicon nitride layer from
which a hydrogen gas and an ammonia gas are less likely to be
released is used. The amount of released hydrogen gas or
ammonia gas may be measured by TDS. Further, as the sili-
con nitride layer, a silicon nitride layer which does not trans-
mit or hardly transmits hydrogen, water, and oxygen is used.

Alternatively, the protective insulating film 318 may be, for
example, a multilayer film including a first silicon oxide layer
318a as a first layer, a second silicon oxide layer 3185 as a
second layer, and a silicon nitride layer 318¢ as a third layer
(see FIG. 24D). In that case, the first silicon oxide layer 318a
and/or the second silicon oxide layer 3185 may be a silicon
oxynitride layer. In addition, the silicon nitride layer may be
a silicon nitride oxide layer. As the first silicon oxide layer
318a, a silicon oxide layer whose defect density is low is
preferably used. Specifically, a silicon oxide layer whose spin
density attributed to a signal with a g factor of 2.001 in ESR
is lower than or equal to 3x10'7 spins/cm?, preferably lower
than or equal to 5x10'¢ spins/cm® is used. As the second
silicon oxide layer 3184, a silicon oxide layer containing
excess oxygen is used. As the silicon nitride layer 318¢, a
silicon nitride layer from which a hydrogen gas and an ammo-
nia gas are less likely to be released is used. Further, as the
silicon nitride layer 318c¢, a silicon nitride layer which does
not transmit or hardly transmits hydrogen, water, and oxygen
is used.

The silicon oxide layer containing excess oxygen means a
silicon oxide layer from which oxygen can be released by heat
treatment or the like. An insulating film containing excess
oxygen means an insulating film from which oxygen is
released by heat treatment.

The insulating film containing excess oxygen is capable of
reducing oxygen vacancies in the oxide semiconductor layer
3065. Such an oxygen vacancy forms DOS in the oxide semi-
conductor layer 3065 and serves as a hole trap or the like.
Thus, by a reduction in the number of oxygen vacancies in the
oxide semiconductor layer 30654, the transistor can have
stable electrical characteristics.

For the source electrode 3164 and the drain electrode 3165,
the description of the source electrode 116a and the drain
electrode 1165 is referred to. For the gate insulating film 312,
the description of the gate insulating film 112 is referred to.
For the gate electrode 304, the description of the gate elec-
trode 104 is referred to. For the substrate 300, the description
of the substrate 100 is referred to.
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<Manufacturing Method of Transistor Structure (3)>

An example of a manufacturing method of the transistor
structure (3) is described below.

FIGS.25A to 25D are cross-sectional views corresponding
to FIG. 24B.

First, the substrate 300 is prepared.

Next, a conductive film to be the gate electrode 304 is
formed. For the formation method of the conductive film to be
the gate electrode 304, the description of the conductive film
to be the gate electrode 104 is referred to.

Next, the conductive film to be the gate electrode 304 is
partly etched to form the gate electrode 304.

Next, the gate insulating film 312 is formed. For the for-
mation method of the gate insulating film 312, the description
of the gate insulating film 112 is referred to.

The gate insulating film 312 can be formed by a plasma
CVD method, for example. By the CVD method, a denser
insulating film having a lower density of defects can be pro-
vided, as a substrate temperature gets higher. A transistor can
have more stable electrical characteristics, as the gate insu-
lating film 312 gets denser and density of defects thereof gets
lower.

Next, an oxide semiconductor layer 336a, an oxide semi-
conductor layer 3365, and an oxide semiconductor layer 336¢
are formed in this order (see FIG. 25A). For the oxide semi-
conductor layer 336a, the oxide semiconductor layer 3365,
and the oxide semiconductor layer 336¢, the description of
the oxide semiconductor layer 136¢, that of the oxide semi-
conductor layer 1365, and that of the oxide semiconductor
layer 136a are referred to, respectively.

Next, first heat treatment is preferably performed. For the
first heat treatment, the description of the manufacturing
method of the transistor structure (1) is referred to.

Next, the oxide semiconductor layer 3364, the oxide semi-
conductor layer 3365, and the oxide semiconductor layer
336c¢ are partly etched to form the oxide semiconductor layer
306a, the oxide semiconductor layer 3065, and the oxide
semiconductor layer 306¢ that have island shapes (see FIG.
25B).

Then, a conductive film to be the source electrode 316a and
the drain electrode 3165 is formed. For the formation method
ofthe conductive film to be the source electrode 316a and the
drain electrode 3165, the description of the conductive film
116 is referred to. At this time, n-type regions are in some
cases formed in regions represented by broken lines in the
oxide semiconductor layer 306c. The n-type regions are
formed resulting from generation of oxygen vacancies in the
oxide semiconductor layer 306¢ due to damages when the
conductive film is formed over the oxide semiconductor layer
306¢ or action of the conductive film. For example, due to
entry of hydrogen into the site of oxygen vacancies, an elec-
tron serving as a carrier is generated. Note that the n-type
regions are formed up to the vicinity of the boundary between
the oxide semiconductor layer 306¢ and the oxide semicon-
ductor layer 3065 as a non-limiting example. For example,
the n-type regions may be formed in the oxide semiconductor
layer 306¢ and the oxide semiconductor layer 3065, or only in
the oxide semiconductor layer 306c¢.

Next, the conductive film to be the source electrode 316a
and the drain electrode 3165 is partly etched to form the
source electrode 3164 and the drain electrode 3165.

Next, second heat treatment is preferably performed. For
the second heat treatment, the description of the manufactur-
ing method of the transistor structure (1) is referred to. By the
second heat treatment, the n-type region where the oxide
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semiconductor layer 306¢ and/or the oxide semiconductor
layer 3065 is exposed can be turned into an i-type region (see
FIG. 25C).

Next, the protective insulating film 318 is formed (see FIG.
25D).

Here, the case where the protective insulating film 318 has
athree-layer structure as illustrated in FIG. 24D is described.
First, the first silicon oxide layer 318a is formed, and then the
second silicon oxide layer 3186 is formed. Next, treatment for
adding oxygen ions into the second silicon oxide layer 3185
may be performed. The treatment for adding oxygen ions may
be performed with an ion doping apparatus or a plasma treat-
ment apparatus. As the ion doping apparatus, an ion doping
apparatus with a mass separation function may be used. As a
source material of oXygen ions, an oxygen gas such as °0, or
180, a nitrous oxide gas, an ozone gas, or the like may be
used. Next, the silicon nitride layer 318¢ is formed, so that the
protective insulating film 318 is formed.

The first silicon oxide layer 3184 is preferably formed by a
plasma CVD method which is one type of CVD method.
Specifically, high-frequency power is supplied to an electrode
under the following conditions: the substrate temperature is
set to be higher than or equal to 180° C. and lower than or
equal to 400° C., preferably higher than or equal to 200° C.
and lower than or equal to 370° C.; a deposition gas contain-
ing silicon and an oxidizing gas are used; and the pressure is
set to be higher than or equal to 20 Pa and lower than or equal
to 250 Pa, preferably higher than or equal to 40 Pa and lower
than or equal to 200 Pa. Note that typical examples of the
deposition gas containing silicon include silane, disilane,
trisilane, and silane fluoride. Examples of the oxidizing gas
include oxygen, ozone, nitrous oxide, and nitrogen dioxide.

By setting the flow rate of the oxidizing gas to 100 times or
more the flow rate of the deposition gas containing silicon, the
hydrogen content of the first silicon oxide layer 318a can be
reduced and dangling bonds can be reduced.

In the above manner, the first silicon oxide layer 318a with
a low defect density is formed. That is, the spin density of the
first silicon oxide layer 3184, which is attributed to a signal
with a g factor 0f 2.001 in ESR, can be lower than or equal to
3x10"7 spins/cm® or lower than or equal to 5x10" 6 spins/cm®.

The second silicon oxide layer 3185 is preferably formed
by a plasma CVD method. Specifically, high-frequency
power greater than or equal to 0.17 W/cm? and less than or
equal to 0.5 W/cm?, preferably greater than or equal to 0.25
W/cm? and less than or equal to 0.35 W/cm? is supplied to an
electrode under the following conditions: the substrate tem-
perature is set to be higher than or equal to 160° C. and lower
than or equal to 350° C., preferably higher than or equal to
180° C. and lower than or equal to 260° C.; a deposition gas
containing silicon and an oxidizing gas are used; and the
pressure is set to be higher than or equal to 100 Pa and lower
than or equal to 250 Pa, preferably higher than or equal to 100
Pa and lower than or equal to 200 Pa.

By the above-described method, the decomposition effi-
ciency of the gas in plasma is enhanced, oxygen radicals are
increased, and oxidation of the gas is promoted; thus, the
second silicon oxide layer 3185 containing excess oxygen
can be formed.

The silicon nitride layer 318c is preferably formed by a
plasma CVD method. Specifically, high-frequency power is
supplied to an electrode under the following conditions: the
substrate temperature is set to be higher than or equal to 180°
C. and lower than or equal to 400° C., preferably higher than
or equal to 200° C. and lower than or equal to 370° C.; a
deposition gas containing silicon, a nitrogen gas, and an
ammonia gas are used; and the pressure is set to be higher than
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or equal to 20 Pa and lower than or equal to 250 Pa, preferably
higher than or equal to 40 Pa and lower than or equal to 200
Pa.

Note that the flow rate of the nitrogen gas is 5 to 50 times,
preferably 10 to 50 times as high as that of the ammonia gas.
The use of the ammonia gas facilitates decomposition of the
deposition gas containing silicon and the nitrogen gas. This is
because an ammonia gas is dissociated by plasma energy or
heat energy, and energy generated by the dissociation con-
tributes to decomposition of a molecular bond of the deposi-
tion gas containing silicon and a molecular bond of the nitro-
gen gas.

Through the above method, the silicon nitride layer 318¢
from which the hydrogen gas and the ammonia gas are less
likely to be released can be formed. The silicon nitride layer
318c¢ has a low hydrogen content, and thus is dense and does
not transmit or hardly transmits hydrogen, water, and oxygen.

In the above manner, the protective insulating film 318 may
be formed.

Next, third heat treatment is preferably performed. For the
third heat treatment, the description of the manufacturing
method of the transistor structure (1) is referred to.

Through the above steps, the transistor illustrated in FIGS.
24A to 24D can be manufactured.
<Transistor Structure (4)>

Next, an example of a bottom-gate and top-contact transis-
tor having a structure different from that of the transistor
structure (3) is described.

FIGS. 26A t0 26C are a top view and cross-sectional views
of the transistor.

FIG. 26A is a top view of the transistor. FIG. 26B is the
cross-sectional view taken along dashed-dotted line D1-D2 in
FIG. 26 A. FIG. 26C is the cross-sectional view taken along
dashed-dotted line D3-D4 in FIG. 26A.

The transistor illustrated in FIG. 26B includes a gate elec-
trode 404 over a substrate 400, a gate insulating film 412 over
the gate electrode 404, an oxide semiconductor layer 4064
over the gate insulating film 412, an oxide semiconductor
layer 4065 over the oxide semiconductor layer 4064, an oxide
semiconductor layer 406¢ over the oxide semiconductor layer
4065, a protective insulating film 418 over the gate insulating
film 412 and the oxide semiconductor layer 406¢, and a
source electrode 416a and a drain electrode 4165 in contact
with the oxide semiconductor layer 406¢ through openings
provided in the protective insulating film 418.

The protective insulating film 418 of the transistor in FIGS.
26A 10 26C corresponds to the gate insulating film (bg) of the
transistor in FIG. 5A, for example. In addition, the transistor
in FIGS. 26A to 26C may include the gate electrode (bg) of
the transistor in FIG. 5A, for example. The transistor in FIGS.
26A to 26C may include a back gate insulating film over the
protective insulating film 418, and the source electrode 4164
and the drain electrode 4165, and a back gate electrode that is
opposite to the gate electrode 404 and is in contact with the
top surface of the back gate insulating film, for example.

Note that a conductive film used for the source electrode
416a and the drain electrode 4165 takes oxygen away from
part of the oxide semiconductor layer 4065 and part of the
oxide semiconductor layer 406¢ or forms a mixed layer
depending on its kind, which in some cases results in forma-
tion of n-type regions (low-resistance regions) in the oxide
semiconductor layer 4065 and the oxide semiconductor layer
406c¢.

Note that as illustrated in FIG. 26 A, the gate electrode 404
is provided such that the edge of the oxide semiconductor
layer 4065 is located on the inner side of the edge of the gate
electrode 404 in the top view. With such a structure, when
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light irradiation is performed from the gate electrode 404
side, generation of carriers in the oxide semiconductor layer
4065 due to light can be suppressed. In other words, the gate
electrode 404 functions as a light-blocking film. Note that the
oxide semiconductor layer 4065 may be provided outside the
gate electrode 404.

For the oxide semiconductor layer 406a, the oxide semi-
conductor layer 4065, and the oxide semiconductor layer
406c¢, the description of the oxide semiconductor layer 106c¢,
that of the oxide semiconductor layer 1065, and that of the
oxide semiconductor layer 106a are referred to, respectively.
In other words, the bottom-gate and top-contact transistor has
a reverse stacked-layer structure of the top-gate and top-
contact transistor.

For the protective insulating film 418, the description ofthe
protective insulating film 318 is referred to.

The protective insulating film 418 preferably includes an
insulating film containing excess oxygen. The insulating film
containing excess oxygen is capable of reducing oxygen
vacancies in the oxide semiconductor layer 4065. Such an
oxygen vacancy forms DOS in the oxide semiconductor layer
4065 and serves as a charge trap or the like. Thus, by a
reduction in the number of oxygen vacancies in the oxide
semiconductor layer 4064, the transistor can have stable elec-
trical characteristics.

For the source electrode 4164 and the drain electrode 4165,
the description of the source electrode 116a and the drain
electrode 1165 is referred to. For the gate insulating film 412,
the description of the gate insulating film 112 is referred to.
For the gate electrode 404, the description of the gate elec-
trode 104 is referred to. For the substrate 400, the description
of the substrate 100 is referred to.
<Manufacturing Method of Transistor Structure (4)>

An example of a manufacturing method of the transistor
structure (4) is described below.

FIGS. 27A to 27D are cross-sectional views corresponding
to FIG. 26B.

First, the substrate 400 is prepared.

Next, a conductive film to be the gate electrode 404 is
formed. For the formation method of the conductive film to be
the gate electrode 404, the description of the conductive film
to be the gate electrode 104 is referred to.

Next, the conductive film to be the gate electrode 404 is
partly etched to form the gate electrode 404.

Next, the gate insulating film 412 is formed. For the for-
mation method ofthe gate insulating film 412, the description
of the gate insulating film 112 is referred to.

The gate insulating film 412 can be formed by a plasma
CVD method, for example. By the CVD method, a denser
insulating film having a lower density of defects can be pro-
vided, as a substrate temperature gets higher. A transistor can
have more stable electrical characteristics, as the gate insu-
lating film 412 gets denser and density of defects thereof gets
lower.

Next, an oxide semiconductor layer 4364, an oxide semi-
conductor layer 4365, and an oxide semiconductor layer 436¢
are formed in this order (see FIG. 27A). For the oxide semi-
conductor layer 436a, the oxide semiconductor layer 4365,
and the oxide semiconductor layer 436¢, the description of
the oxide semiconductor layer 136¢, that of the oxide semi-
conductor layer 1365, and that of the oxide semiconductor
layer 136a are referred to, respectively.

Next, first heat treatment is preferably performed. For the
first heat treatment, the description of the manufacturing
method of the transistor structure (1) is referred to.

Next, the oxide semiconductor layer 4364, the oxide semi-
conductor layer 4365, and the oxide semiconductor layer
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436¢ are partly etched to form the oxide semiconductor layer
406a, the oxide semiconductor layer 4065, and the oxide
semiconductor layer 406¢ that have island shapes (see FIG.
27B).

Next, an insulating film to be the protective insulating film
418 is formed. For the insulating film to be the protective
insulating film 418, the description of the protective insulat-
ing film 318 is referred to.

Next, second heat treatment is preferably performed. For
the second heat treatment, the description of the manufactur-
ing method of the transistor structure (1) is referred to.

Then, the insulating film to be the protective insulating film
418 is partly etched to form the protective insulating film 418
(FIG. 27C).

Then, a conductive film to be the source electrode 416a and
the drain electrode 4165 is formed. For the formation method
ofthe conductive film to be the source electrode 416a and the
drain electrode 41654, the description of the conductive film
116 is referred to. At this time, n-type regions are in some
cases formed in regions represented by broken lines in the
oxide semiconductor layer 406c. The n-type regions are
formed resulting from generation of oxygen vacancies in the
oxide semiconductor layer 406¢ due to damages when the
conductive film is formed over the oxide semiconductor layer
406¢ or action of the conductive film. For example, due to
entry of hydrogen into the site of oxygen vacancies, an elec-
tron serving as a carrier is generated. Note that the n-type
regions are formed up to the vicinity of the boundary between
the oxide semiconductor layer 406¢ and the oxide semicon-
ductor layer 4065 as a non-limiting example. For example,
the n-type regions may be formed in the oxide semiconductor
layer 406¢ and the oxide semiconductor layer 4065, or only in
the oxide semiconductor layer 406c¢.

Next, the conductive film to be the source electrode 416a
and the drain electrode 4165 is partly etched to form the
source electrode 4164 and the drain electrode 4165 (see FIG.
27D).

Next, third heat treatment is preferably performed. For the
third heat treatment, the description of the manufacturing
method of the transistor structure (1) is referred to.

Through the above steps, the transistor illustrated in FIGS.
26A to 26C can be manufactured.
<Application Product>

Application products using the above transistor are
described below.
<Microcomputer>

The transistor described above can be applied to micro-
computers which are mounted on variety of electronic appli-
ances.

A structure and operation of a fire alarm that is an example
of the electronic appliance using a microcomputer are
described with reference to FIG. 34 and FIGS. 35A and 35B.

A fire alarm in this specification refers to any device which
raises an alarm over fire occurrence instantly, and for
example, a residential fire alarm, an automatic fire alarm
system, and a fire detector used for the automatic fire alarm
system are included in its category.

An alarm device illustrated in FIG. 34 includes at least a
microcomputer 500. Here, the microcomputer 500 is pro-
vided in the alarm device. The microcomputer 500 includes a
power gate controller 503 electrically connected to a high
potential power supply line VDD, a power gate 504 clectri-
cally connected to the high potential power supply line VDD
and the power gate controller 503, a CPU (central processing
unit) 505 electrically connected to the power gate 504, and a
sensor portion 509 electrically connected to the power gate
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504 and the CPU 505. Further, the CPU 505 includes a vola-
tile memory portion 506 and a nonvolatile memory portion
507.

The CPU 505 is electrically connected to a bus line 502
through an interface 508. The interface 508 as well as the
CPU 505 is electrically connected to the power gate 504. As
a bus standard ofthe interface 508, an I°C bus can be used, for
example. A light-emitting element 530 electrically connected
to the power gate 504 through the interface 508 is provided in
the alarm device.

The light-emitting element 530 is preferably an element
which emits light with high directivity, and for example, an
organic ELL element, an inorganic EL element, or an LED can
be used.

The power gate controller 503 includes a timer and controls
the power gate 504 with the use of the timer. The power gate
504 allows or stops supply of power from the high potential
power supply line VDD to the CPU 505, the sensor portion
509, and the interface 508, in accordance with the control by
the power gate controller 503. Here, as an example of the
power gate 504, a switching element such as a transistor can
be given.

With the use of the power gate controller 503 and the power
gate 504, power is supplied to the sensor portion 509, the CPU
505, and the interface 508 in a period during which the
amount of light is measured, and supply of power to the
sensor portion 509, the CPU 505, and the interface 508 can be
stopped during an interval between measurement periods.
The alarm device operates in such a manner, whereby a reduc-
tion in power consumption of the alarm device can be
achieved compared with that of the case where power is
continuously supplied to the above structures.

Inthe case where a transistor is used as the power gate 504,
it is preferable to use a transistor which has an extremely low
off-state current and is used for the nonvolatile memory por-
tion 507, for example, the above transistor which includes a
multilayer film including an oxide semiconductor layer. With
the use of such a transistor, a leakage current can be reduced
when supply of power is stopped by the power gate 504, so
that areduction in power consumption of the alarm device can
be achieved.

A direct-current power source 501 may be provided in the
alarm device so that power is supplied from the direct-current
power source 501 to the high potential power supply line
VDD. An electrode of the direct-current power source 501 on
a high potential side is electrically connected to the high
potential power supply line VDD, and an electrode of the
direct-current power source 501 on a low potential side is
electrically connected to a low potential power supply line
VSS. The low potential power supply line VSS is electrically
connected to the microcomputer 500. Here, the high potential
power supply line VDD is supplied with a high potential H.
The low potential power supply line VSS is supplied with a
low potential L, for example, a ground potential (GND).

In the case where a battery is used as the direct-current
power source 501, for example, a battery case including an
electrode electrically connected to the high potential power
supply line VDD, an electrode electrically connected to the
low potential power supply line VSS, and a housing which
can hold the battery is provided in a housing. Note that the
alarm device does not necessarily include the direct-current
power source 501 and may have, for example, a structure in
which power is supplied from an alternate-current power
source provided outside the alarm device through a wiring.

As the above battery, a secondary battery such as a lithium
ion secondary battery (also called a lithium ion storage bat-
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tery or a lithium ion battery) can be used. Further, a solar
battery is preferably provided so that the secondary battery
can be charged.

The sensor portion 509 measures a physical quantity relat-
ing to an abnormal situation and transmits a measurement
value to the CPU 505. A physical quantity relating to an
abnormal situation depends on the usage of the alarm device,
and in an alarm device functioning as a fire alarm, a physical
quantity relating to a fire is measured. Accordingly, the sensor
portion 509 measures the amount of light as a physical quan-
tity relating to a fire and senses smoke.

The sensor portion 509 includes an optical sensor 511
electrically connected to the power gate 504, an amplifier 512
electrically connected to the power gate 504, and an AD
converter 513 electrically connected to the power gate 504
and the CPU 505. The light-emitting element 530, the optical
sensor 511, the amplifier 512, and the AD converter 513
operate when the power gate 504 allows supply of power to
the sensor portion 509.

FIG. 35A illustrates part of the cross section of the alarm
device. In the cross-sectional view of FIG. 35A, the cross
section taken along A-B in the channel length direction and
the cross section taken along C-D perpendicular to the chan-
nel length direction are illustrated. In the alarm device, ele-
ment isolation regions 453 are formed in a p-type semicon-
ductor substrate 451, and a transistor 519 including a gate
insulating film 457, a gate electrode 459, n-type impurity
regions 461a and 4615, an insulating film 465, and an insu-
lating film 467 is formed. Here, the transistor 519 is formed
using a semiconductor such as single crystal silicon, so that
the transistor 519 can operate at high speed. Accordingly, a
volatile memory portion of a CPU that can achieve high-
speed access can be formed.

In addition, contact plugs 469a and 4695 are formed in
openings which are formed by partly etching the insulating
films 465 and 467, and an insulating film 471 having groove
portions is formed over the insulating film 467 and the contact
plugs 469a and 4695. Wirings 473a and 4735 are formed in
the groove portions of the insulating film 471. An insulating
film 470 is formed over the insulating film 471 and the wir-
ings 473a and 4735 by a sputtering method, a CVD method,
or the like, and an insulating film 472 having a groove portion
is formed over the insulating film 470. An electrode 474 is
formed in the groove portion of the insulating film 472. The
electrode 474 functions as a back gate electrode of a transistor
517. The electrode 474 can control the threshold voltage of
the transistor 517.

Moreover, an insulating film 475 is formed over the insu-
lating film 472 and the electrode 474 by a sputtering method,
a CVD method, or the like.

The transistor 517 and a photoelectric conversion element
514 are provided over the insulating film 475. The transistor
517 includes the oxide semiconductor layer 106a, the oxide
semiconductor layer 1065, and the oxide semiconductor layer
106¢; the source electrode 1164 and the drain electrode 1165;
the gate insulating film 112; the gate electrode 104; the pro-
tective insulating film 108; and the protective insulating film
118. Moreover, an insulating film 445 cover the photoelectric
conversion element 514 and the transistor 517, and a wiring
449 is formed over the insulating film 445 so as to be in
contact with the drain electrode 1165. The wiring 449 elec-
trically connects the drain electrode 1165 of the transistor 517
to the gate electrode 459 of the transistor 519.

FIG. 35B is a circuit diagram of a detection portion. The
detection portion includes the optical sensor 511, the ampli-
fier 512, and the AD converter 513. The optical sensor 511
includes the photoelectric conversion element 514, a capaci-
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tor 515, a transistor 516, the transistor 517, a transistor 518,
and the transistor 519. As the photoelectric conversion ele-
ment 514, a photodiode can be used here, for example.

One of terminals of the photoelectric conversion element
514 is electrically connected to the low potential power sup-
ply line VSS, and the other of the terminals thereof'is electri-
cally connected to one of the source electrode and the drain
electrode of the transistor 517. The gate electrode of the
transistor 517 is supplied with an electric charge accumula-
tion control signal Tx, and the other of the source electrode
and the drain electrode thereof'is electrically connected to one
of a pair of electrodes of the capacitor 515, one of a source
electrode and a drain electrode of the transistor 516, and the
gate electrode of the transistor 519 (hereinafter the node is
referred to as a node FD in some cases). The other of the pair
of electrodes of the capacitor 515 is electrically connected to
the low potential power supply line VSS. A gate electrode of
the transistor 516 is supplied with a reset signal Res, and the
other of the source electrode and the drain electrode thereof'is
electrically connected to the high potential power supply line
VDD. One of a source electrode and a drain electrode of the
transistor 519 is electrically connected to one of a source
electrode and a drain electrode of the transistor 518 and the
amplifier 512. The other of the source electrode and the drain
electrode of the transistor 519 is electrically connected to the
high potential power supply line VDD. A gate electrode of the
transistor 518 is supplied with a bias signal Bias, and the other
of the source electrode and the drain electrode thereof is
electrically connected to the low potential power supply line
VSS.

Note that the capacitor 515 is not necessarily provided. For
example, in the case where parasitic capacitance of the tran-
sistor 519 or the like is sufficiently large, a structure without
the capacitor may be employed.

Further, as each of the transistor 516 and the transistor 517,
the transistor having an extremely low off-state current is
preferably used. As the transistor having an extremely low
off-state current, the above transistor is preferably used. With
such a structure, the potential of the node FD can be held for
a long time.

In the structure in FIG. 35A, the photoelectric conversion
element 514 is electrically connected to the transistor 517 and
is provided over the insulating film 475.

The photoelectric conversion element 514 includes a semi-
conductor film 460 provided over the insulating film 475, and
the source electrode 116a and an electrode 466¢ which are in
contact with a top surface of the semiconductor film 460. The
source electrode 116a is an electrode functioning as the
source electrode or the drain electrode of the transistor 517
and electrically connects the photoelectric conversion ele-
ment 514 to the transistor 517.

Over the semiconductor film 460, the source electrode
1164, and the electrode 466¢, the gate insulating film 112, the
protective insulating film 108, the protective insulating film
118, and the insulating film 445 are provided. Further, a
wiring 456 is provided over the insulating film 445 and is in
contact with the electrode 466¢ through an opening provided
in the gate insulating film 112, the protective insulating film
108, the protective insulating film 118, and the insulating film
445.

The electrode 466¢ can be formed in steps similar to those
of'the source electrode 1164 and the drain electrode 1165, and
the wiring 456 can be formed in steps similar to those of the
wiring 449.

As the semiconductor film 460, a semiconductor film
which can perform photoelectric conversion is provided, and
for example, silicon or germanium can be used. In the case of
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using silicon, the semiconductor film 460 functions as an
optical sensor which senses visible light. Further, there is a
difference, between silicon and germanium, in wavelengths
of electromagnetic waves that can be absorbed. When the
semiconductor film 460 includes germanium, a sensor which
mainly senses an infrared ray can be obtained.

In the above manner, the sensor portion 509 including the
optical sensor 511 can be incorporated into the microcom-
puter 500, so that the number of components can be reduced
and the size of the housing of the alarm device can be reduced.

In the fire alarm including the above-described IC chip, the
CPU 505 in which a plurality of circuits including any of the
above transistors are combined and mounted on one IC chip is
used.
<CPU>

FIGS.36A to 36C are block diagrams illustrating a specific
configuration of a CPU at least partly including any of the
above transistors.

The CPU illustrated in FIG. 36A includes an arithmetic
logic unit (ALU) 1191, an ALU controller 1192, an instruc-
tion decoder 1193, an interrupt controller 1194, a timing
controller 1195, a register 1196, a register controller 1197, a
bus interface 1198, a rewritable ROM 1199, and an ROM
interface 1189 over a substrate 1190. A semiconductor sub-
strate, an SOl substrate, a glass substrate, or the like is used as
the substrate 1190. The rewritable ROM 1199 and the ROM
interface 1189 may be provided over a separate chip. Need-
less to say, the CPU in FIG. 36A is just an example in which
the configuration has been simplified, and an actual CPU may
have various configurations depending on the application.

An instruction that is input to the CPU through the bus
interface 1198 is input to the instruction decoder 1193 and
decoded therein, and then, input to the AL U controller 1192,
the interrupt controller 1194, the register controller 1197, and
the timing controller 1195.

The ALU controller 1192, the interrupt controller 1194, the
register controller 1197, and the timing controller 1195 con-
duct various controls in accordance with the decoded instruc-
tion. Specifically, the ALU controller 1192 generates signals
for controlling the operation of the ALU 1191. While the CPU
is executing a program, the interrupt controller 1194 judges
an interrupt request from an external input/output device or a
peripheral circuit on the basis of its priority or a mask state,
and processes the request. The register controller 1197 gen-
erates an address of the register 1196, and reads/writes data
from/to the register 1196 in accordance with the state of the
CPU.

The timing controller 1195 generates signals for control-
ling operation timings of the AL U 1191, the ALU controller
1192, the instruction decoder 1193, the interrupt controller
1194, and the register controller 1197. For example, the tim-
ing controller 1195 includes an internal clock generator for
generating an internal clock signal CLK2 based on a refer-
ence clock signal CLK1, and supplies the internal clock sig-
nal CLK2 to the above circuits.

In the CPU illustrated in FIG. 36 A, a memory cell is pro-
vided in the register 1196. As the memory cell of the register
1196, any of the above transistors can be used.

In the CPU illustrated in FIG. 36A, the register controller
1197 selects operation of retaining data in the register 1196 in
accordance with an instruction from the ALU 1191. That is,
the register controller 1197 selects whether data is retained by
aflip-flop or by a capacitor in the memory cell included in the
register 1196. When data retaining by the flip-flop is selected,
a power supply voltage is supplied to the memory cell in the
register 1196. When data retaining by the capacitor is
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selected, the data is rewritten in the capacitor, and supply of
power supply voltage to the memory cell in the register 1196
can be stopped.

The power supply can be stopped by a switching element
provided between a memory cell group and a node to which a
power supply potential VDD or a power supply potential VSS
is supplied, as illustrated in FIG. 36B or FIG. 36C. Circuits
illustrated in FIGS. 36B and 36C are described below.

FIGS. 36B and 36C each illustrate a memory device in
which any of the above transistors is used as a switching
element which controls supply of a power supply potential to
a memory cell.

The memory device illustrated in FIG. 36B includes a
switching element 1141 and a memory cell group 1143
including a plurality of memory cells 1142. Specifically, as
each of the memory cells 1142, any of the above transistors
can be used. Each of the memory cells 1142 included in the
memory cell group 1143 is supplied with the high-level power
supply potential VDD via the switching element 1141. Fur-
ther, each of the memory cells 1142 included in the memory
cell group 1143 is supplied with a potential of a signal IN and
the low-level power supply potential VSS.

In FIG. 36B, any of the above transistors is used as the
switching element 1141, and the switching of the transistor is
controlled by a signal SigA supplied to a gate electrode layer
thereof.

Note that FIG. 36B illustrates the configuration in which
the switching element 1141 includes only one transistor;
however, one of embodiment of the present invention is not
particularly limited to such configuration and the switching
element 1141 may include a plurality of transistors. In the
case where the switching element 1141 includes a plurality of
transistors which function as switching elements, the plural-
ity of transistors may be connected to each other in parallel, in
series, or in combination of parallel connection and series
connection.

Although the switching element 1141 controls the supply
of the high-level power supply potential VDD to each of the
memory cells 1142 included in the memory cell group 1143 in
FIG. 36B, the switching element 1141 may control the supply
of the low-level power supply potential VSS.

InFIG. 36C, an example of a memory device in which each
of'the memory cells 1142 included in the memory cell group
1143 is supplied with the low-level power supply potential
VSS via the switching element 1141 is illustrated. The supply
of the low-level power supply potential VSS to each of the
memory cells 1142 included in the memory cell group 1143
can be controlled by the switching element 1141.

When a switching element is provided between a memory
cell group and a node to which the power supply potential
VDD or the power supply potential VSS is supplied, data can
be retained even in the case where an operation of a CPU is
temporarily stopped and the supply of the power supply volt-
age is stopped; accordingly, power consumption can be
reduced. Specifically, for example, while a user of a personal
computer does not input data to an input device such as a
keyboard, the operation of the CPU can be stopped, so that the
power consumption can be reduced.

Although the CPU is given as an example here, any of the
above transistors can also be applied to an LSI such as a
digital signal processor (DSP), a custom LSI, or a field pro-
grammable gate array (FPGA).
<Display Device>

In this section, a display device including any of the above
transistors is described.

As a display element provided in the display device, a
liquid crystal element (also referred to as a liquid crystal
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display element), a light-emitting element (also referred to as
a light-emitting display element), or the like can be used. The
light-emitting element includes, in its category, an element
whose luminance is controlled by current or voltage, specifi-
cally an inorganic electroluminescent (EL) element, an
organic EL. element, and the like. Furthermore, a display
medium whose contrast is changed by an electric effect, such
as electronic ink or an electrophoretic element, can be used as
the display element. A display device including an EL ele-
ment and a display device including a liquid crystal element
are described below as examples of the display device.

The display device described below includes in its category
a panel in which a display element is sealed, and a module in
which an IC such as a controller or the like is mounted on the
panel.

The display device described below also refers to an image
display device, a display device, or a light source (including a
lighting device). The display device includes any of the fol-
lowing modules: a module provided with a connector such as
an FPC or TCP; a module in which a printed wiring board is
provided at the end of TCP; and a module in which an inte-
grated circuit (IC) is mounted directly on a display element by
a COG method.
<EL Display Device>

First, a display device including an EL element (also
referred to as an EL display device) is described.

FIG. 37A is an example of the circuit diagram of a pixel of
an EL display device.

Note that in this specification and the like, it might be
possible for those skilled in the art to constitute one embodi-
ment of the invention even when portions to which all the
terminals of an active element (e.g., a transistor or a diode), a
passive element (e.g., a capacitor or a resistor), or the like are
connected are not specified. In other words, one embodiment
of the invention can be clear even when connection portions
are not specified. Further, in the case where a connection
portion is disclosed in this specification and the like, it can be
determined that one embodiment of the invention in which a
connection portion is not specified is disclosed in this speci-
fication and the like, in some cases. In particular, in the case
where the number of portions to which a terminal is con-
nected might be plural, it is not necessary to specity the
portions to which the terminal is connected. Therefore, it
might be possible to constitute one embodiment of the inven-
tion by specifying only portions to which some of terminals of
an active element (e.g., a transistor or a diode), a passive
element (e.g., a capacitor or a resistor), or the like are con-
nected.

Note that in this specification and the like, it might be
possible for those skilled in the art to specify the invention
when at least the connection portion of a circuit is specified.
Alternatively, it might be possible for those skilled in the art
to specify the invention when at least a function of a circuit is
specified. In other words, when a function of a circuit is
specified, one embodiment of the present invention can be
clear. Further, it can be determined that one embodiment of
the present invention whose function is specified is disclosed
in this specification and the like. Therefore, when a connec-
tion portion of a circuit is specified, the circuit is disclosed as
one embodiment of the invention even when a function of the
circuit is not specified, and one embodiment of the invention
can be constituted. Alternatively, when a function of a circuit
is specified, the circuit is disclosed as one embodiment of the
invention even when a connection portion is not specified, and
one embodiment of the invention can be constituted.
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The EL display device shown in FIG. 37A includes a
switching element 743, a transistor 741, a capacitor 742, and
a light-emitting element 719.

Note that FIG. 37A and the like each illustrate a circuit
configuration example; thus, a transistor can be additionally
provided. In each node in FIG. 37A, it is also possible not to
provide an additional transistor, switch, passive element, or
the like. For example, it is possible not to increase the number
oftransistors directly connected to the node A, the node B, the
node C, the node D, the node E, the node F, and/or the node G
Accordingly, for example, the following structure can be
used: only the transistor 741 is directly connected to the node
C and the other transistors are not directly connected to the
node C.

A gate of the transistor 741 is electrically connected to one
terminal of the switching element 743 and one terminal of the
capacitor 742. A source of the transistor 741 is electrically
connected to the other terminal of the capacitor 742 and one
terminal of the light-emitting element 719. A power supply
potential VDD is supplied to a drain of the transistor 741. The
other terminal of the switching element 743 is electrically
connected to a signal line 744. A constant potential is supplied
to the other terminal of the light-emitting element 719. The
constant potential is a ground potential GND or a potential
lower than the ground potential GND.

The above transistor using the multilayer film including the
oxide semiconductor layer is used as the transistor 741. The
transistor has stable electrical characteristics. Accordingly, an
EL display device having high display quality can be pro-
vided.

It is preferable to use a transistor as the switching element
743. When the transistor is used as the switching element, the
area of a pixel can be reduced, so that the EL display device
can have high resolution. Alternatively, the above transistor
using the multilayer film including the oxide semiconductor
layer may be used as the switching element 743; accordingly,
the switching element 743 can be formed by the same process
as the transistor 741, which leads to an improvement in the
productivity of the EL display device.

FIG. 37B is a top view of the EL display device. The ELL
display device includes a substrate 300, a substrate 700, a seal
material 734, a driver circuit 735, a driver circuit 736, a pixel
737, and an FPC 732. The seal material 734 is provided
between the substrate 300 and the substrate 700 so as to
surround the pixel 737, the driver circuit 735, and the driver
circuit 736. The driver circuit 735 and/or the driver circuit 736
may be provided outside the seal material 734.

FIG. 37C is a cross-sectional view of the EL display device
taken along dashed-dotted line M-N in FIG. 37B. The FPC
732 is connected to a wiring 733a through aterminal 731. The
wiring 733a is formed in the same layer as the gate electrode
304.

FIG. 37C illustrates the example in which the transistor
741 and the capacitor 742 are provided in the same plane.
With such a structure, the capacitor 742 can be formed in the
same planes as the gate electrode, the gate insulating film, and
the source (drain) electrode of the transistor 741. Such pro-
vision of the transistor 741 and the capacitor 742 in the same
plane leads to shortening of the manufacturing process of the
EL display device and an improvement of the productivity.

FIG. 37C illustrates the example in which a transistor hav-
ing a structure similar to that of the transistor illustrated in
FIGS. 24A to 24D is applied to the transistor 741.

The transistor illustrated in FIGS. 24A to 24D is a transis-
tor with a small shift in threshold voltage. Accordingly, the
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transistor is preferred for EL display devices where gray
scales are varied even with the small shift of the threshold
voltage.

An insulating film 720 is provided over the transistor 741
and the capacitor 742. Here, an opening reaching the source
electrode 3164 of the transistor 741 is provided in the insu-
lating film 720 and the protective insulating film 318.

An electrode 781 is provided over the insulating film 720.
The electrode 781 is in contact with the source electrode 316a
of the transistor 741 though the opening provided in the
insulating film 720 and the protective insulating film 318.

Over the electrode 781, a bank 784 having an opening
reaching the electrode 781 is provided. Over the bank 784, a
light-emitting layer 782 in contact with the electrode 781
through the opening provided in the bank 784 is provided. An
electrode 783 is provided over the light-emitting layer 782. A
region where the electrode 781, the light-emitting layer 782,
and the electrode 783 overlap with one another serves as the
light-emitting element 719.
<Liquid Crystal Display Device>

Next, a display device including a liquid crystal element
(also referred to as a liquid crystal display device) is
described.

FIG. 38A is a circuit diagram illustrating a configuration
example of the pixel of a liquid crystal display device. A pixel
750 shown in FIG. 38A includes a transistor 751, a capacitor
752, and an element (hereinafter also referred to as liquid
crystal element) 753 in which a space between a pair of
electrodes is filled with a liquid crystal.

One of a source and a drain of the transistor 751 is electri-
cally connected to a signal line 755, and a gate of the transistor
751 is electrically connected to a scan line 754.

One electrode of the capacitor 752 is electrically connected
to the other of the source and the drain of the transistor 751,
and the other electrode of the capacitor 752 is electrically
connected to a wiring to which a common potential is sup-
plied.

One electrode of the liquid crystal element 753 is electri-
cally connected to the other of the source and the drain of the
transistor 751, and the other electrode of the liquid crystal
element 753 is electrically connected to a wiring to which a
common potential is supplied. The common potential sup-
plied to the wiring electrically connected to the other elec-
trode of the capacitor 752 may be different from that supplied
to the wiring electrically connected to the other electrode of
the liquid crystal element 753.

The top view of the liquid crystal display device is similar
to that of the EL display device. A cross-sectional view of the
liquid crystal display device taken along dashed-dotted line
M-N in FIG. 37B is illustrated in FIG. 38B. In FIG. 38B, the
FPC 732 is connected to the wiring 733a through the terminal
731. The wiring 733a is formed in the same layer as the gate
electrode 304.

FIG. 38B illustrates the example in which the transistor
751 and the capacitor 752 are provided in the same plane.
With such a structure, the capacitor 752 can be formed in the
same planes as the gate electrode, the gate insulating film, and
the source (drain) electrode of the transistor 751. Such pro-
vision of the transistor 751 and the capacitor 752 in the same
plane leads to shortening of the manufacturing process of the
liquid crystal display device and an improvement of the pro-
ductivity.

Any of the above transistors can be applied to the transistor
751. FIG. 38B illustrates the example in which a transistor
having a structure similar to that of the transistor illustrated in
FIGS. 24A to 24D is applied to the transistor 751.
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The off-state current of the transistor 751 can be made
extremely small. Therefore, charge stored in the capacitor
752 isunlikely to leak, so that the voltage applied to the liquid
crystal element 753 can be maintained for a long period.
Accordingly, the transistor 751 can be kept off during a period
in which moving images with few motions or a still image
are/is displayed, whereby power for the operation of the tran-
sistor 751 can be saved in that period; accordingly a liquid
crystal display device with low power consumption can be
provided.

An insulating film 721 is provided over the transistor 751
and the capacitor 752. Here, an opening reaching the drain
electrode 3165 of the transistor 751 is provided in the insu-
lating film 721 and the protective insulating film 318.

An electrode 791 is provided over the insulating film 721.
The electrode 791 is in contact with the drain electrode 3165
of the transistor 751 though the opening provided in the
insulating film 721 and the protective insulating film 318.

An insulating film 792 which functions as an alignment
film is provided over the electrode 791. A liquid crystal layer
793 is provided over the insulating film 792. An insulating
film 794 which functions as an alignment film is provided
over the liquid crystal layer 793. A spacer 795 is provided
over the insulating film 794. An electrode 796 is provided
over the spacer 795 and the insulating film 794. A substrate
797 is provided over the electrode 796.
<Installation Example>

Inatelevision set 8000 in FIG. 39A, a display portion 8002
is incorporated in a housing 8001. The display portion 8002
displays an image and a speaker portion 8003 can output
sound. The above display device can be used for the display
portion 8002.

The television set 8000 may be provided with a receiver, a
modem, and the like. With the receiver, the television set 8000
can receive general television broadcasting. Furthermore,
when the television set 8000 is connected to acommunication
network by wired or wireless connection via the modem,
one-way (from a transmitter to a receiver) or two-way (be-
tween a transmitter and a receiver, between receivers, or the
like) data communication can be performed.

In addition, the television set 8000 may include a memory
or a CPU for performing information communication. The
above memory or CPU can be used for the television set 8000.

In FIG. 39A, an alarm device 8100 is a residential fire
alarm, which includes a sensor portion and a microcomputer
8101. Note that the microcomputer 8101 includes a CPU in
which any of the above transistors is used.

In FIG. 39A, an air conditioner which includes an indoor
unit 8200 and an outdoor unit 8204 includes the CPU in which
any of the above transistors is used. Specifically, the indoor
unit 8200 includes a housing 8201, an air outlet 8202, a CPU
8203, and the like. Although the CPU 8203 is provided in the
indoor unit 8200 in FIG. 39A, the CPU 8203 may be provided
in the outdoor unit 8204. Alternatively, the CPU 8203 may be
provided in both the indoor unit 8200 and the outdoor unit
8204. When the air conditioner includes the CPU in which the
above transistor is used, a reduction in power consumption of
the air conditioner can be achieved.

In FIG. 39A, an electric refrigerator-freezer 8300 includes
the CPU in which the above transistor is used. Specifically,
the electric refrigerator-freezer 8300 includes a housing
8301, a door for a refrigerator 8302, a door for a freezer 8303,
a CPU 8304, and the like. In FIG. 39A, the CPU 8304 is
provided in the housing 8301. When the electric refrigerator-
freezer 8300 includes the CPU 8304 in which the above
transistor is used, a reduction in power consumption of the
electric refrigerator-freezer 8300 can be achieved.
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FIGS. 39B and 39C illustrate an example of an electric
vehicle. An electric vehicle 9700 is equipped with a second-
ary battery 9701. The output of the electric power of the
secondary battery 9701 is adjusted by a control circuit 9702
and the electric power is supplied to a driving device 9703.
The control circuit 9702 is controlled by a processing unit
9704 including a ROM, a RAM, a CPU, or the like which is
not illustrated. When the electric vehicle 9700 includes the
CPU in which the above transistor is used, a reduction in
power consumption of the electric vehicle 9700 can be
achieved.

The driving device 9703 includes a DC motor or an AC
motor either alone or in combination with an internal-com-
bustion engine. The processing unit 9704 outputs a control
signal to the control circuit 9702 on the basis of input data
such as data of operation (e.g., acceleration, deceleration, or
stop) by a driver or data during driving (e.g., data on an
upgrade or a downgrade, or data on a load on a driving wheel)
of' the electric vehicle 9700. The control circuit 9702 adjusts
the electric energy supplied from the secondary battery 9701
in accordance with the control signal of the processing unit
9704 to control the output of the driving device 9703. In the
case where the AC motor is mounted, although not illustrated,
an inverter which converts direct current into alternate current
is also incorporated.

This embodiment shows an example of a basic principle.
Thus, part of this embodiment can be freely combined with,
applied to, or replaced with another part of this embodiment.

Example 1

In this example, an example in which a transistor including
a multilayer film was fabricated and the electrical character-
istics thereof were measured will be described.

The transistor has the structure of the transistor illustrated
in FIGS. 20A to 20C. Therefore, for the structure of the
transistor and the fabricating method thereof, FIGS. 20A to
20C, FIGS. 22A to 22D, and FIGS. 23A to 23D are referred
to.

In each sample, a silicon wafer was used as the substrate
200. As the base insulating film 202, a multilayer film in
which a 100-nm-thick silicon oxide film and a 300-nm-thick
silicon oxynitride film containing excess oxygen were
stacked was used. As the source electrode 2164 and the drain
electrode 2165, a 100-nm-thick tungsten film was used. As
the gate insulating film 212, a 20-nm-thick silicon oxynitride
film was used. As the gate electrode 204, a multilayer film in
which a 30-nm-thick tantalum nitride film and a 135-nm-
thick tungsten film were stacked was used. As the protective
insulating film 218, a 300-nm-thick silicon oxynitride film
was used. As the protective insulating film 208, a 50-nm-thick
silicon nitride film was used.

As the oxide semiconductor layer 206a, a 20-nm-thick
In—Ga—Zn oxide film was used. The oxide semiconductor
layer 206a was formed by a sputtering method under the
following conditions: a target containing In, Ga, and Zn in an
atomic ratio of 1:3:2 was used; a direct-current (DC) power of
0.5 kW was supplied; an argon gas at a flow rate of 30 sccm
and an oxygen gas at a flow rate of 15 sccm were used as a
deposition gas; the pressure was 0.4 Pa; the substrate tem-
perature was 200° C.

As the oxide semiconductor layer 2065, a 15-nm-thick
In—Ga—Zn oxide film was used. The oxide semiconductor
layer 2065 was formed by a sputtering method under the
following conditions: a target containing In, Ga, and Zn in an
atomic ratio of 1:1:1 was used; a direct-current (DC) power of
0.5 kW was supplied; an argon gas at a flow rate of 30 sccm
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and an oxygen gas at a flow rate of 15 sccm were used as a
deposition gas; the pressure was 0.4 Pa; the substrate tem-
perature was 300° C.

As the oxide semiconductor layer 206¢, a S-nm-thick,
10-nm-thick, 15-nm-thick, or 20-nm-thick In—Ga—Z7n
oxide film was used. The oxide semiconductor layer 206¢ was
formed by a sputtering method under the following condi-
tions: a target containing In, Ga, and Zn in an atomic ratio of
1:3:2 was used; a direct-current (DC) power of 0.5 kW was
supplied; an argon gas at a flow rate 0f30 sccm and an oxygen
gas at a flow rate of 15 sccm were used as a deposition gas; the
pressure was 0.4 Pa; the substrate temperature was 200° C.

Here, the transistor in which the thickness of the oxide
semiconductor layer 206¢ was 5 nm was referred to as a
sample 1. The transistor in which the thickness of the oxide
semiconductor layer 206¢ was 10 nm was referred to as a
sample 2. The transistor in which the thickness of the oxide
semiconductor layer 206¢ was 15 nm was referred to as a
sample 3. The transistor in which the thickness of the oxide
semiconductor layer 206¢ was 20 nm was referred to as a
sample 4. For comparison, a transistor in which neither the
oxide semiconductor layer 206a nor the oxide semiconductor
layer 206c¢ is provided, and which was referred to as a sample
5 was prepared.

The gate voltage (Vg) versus drain current (Id) character-
istics (hereinafter Vg-1Id characteristics) of the above example
samples and a comparative sample were measured. The mea-
surement of the Vg-1d characteristics was performed by mea-
suring drain current (Id) when the drain voltage (Vd) was set
to 0.1 V or 3 V and the gate voltage (Vg) was swept in the
range of -3 V to +3 V. Note that the field-effect mobility (1)
of the transistors with a drain voltage (Vd) of 0.1 V is repre-
sented by the right axis of each of FIG. 40, FIG. 41, FIG. 42,
FIG. 43, and FIG. 44.

FIG. 40, FIG. 41, FIG. 42, FIG. 43, and FIG. 44 show
overlapped 25 points of the electrical characteristics (the Vig-
1d characteristics and the field-effect mobility with respect to
Vg)inthe sample 1, the sample 2, the sample 3, the sample 4,
and the sample 5, respectively. Note that in each of FIG. 40,
FIG. 41, FIG. 42, FIG. 43, and FIG. 44, the top graph shows
electrical characteristics of a transistor with a channel length
(L) of 0.44 um and a channel width (W) of 1 pm and the
bottom graph shows electrical characteristics of a transistor
with a channel length (L) of 1.09 um and a channel width (W)
of 1 um.

FIG. 40 shows that the sample 1 has electrical characteris-
tics of the transistors, which are normally off with a small
shift of threshold voltage.

FIG. 41 shows that the sample 2 has the electrical charac-
teristics of the transistors, which are normally off with a small
shift in the threshold voltage.

FIG. 42 shows that the sample 3 has the electrical charac-
teristics of the transistors, which are normally off with a small
shift in the threshold voltage.

FIG. 43 shows that the sample 4 has the electrical charac-
teristics of the transistors, which are normally off with a small
shift in the threshold voltage.

FIG. 44 shows that although, in the sample 5, the electrical
characteristics of the transistors with a channel length (L) of
0.44 um and a channel width (W) of 1 um are normally on
with a large shift in the threshold voltage, the electrical char-
acteristics of the transistors with a channel length (1) of 1.09
um and a channel width (W) of 1 um are normally off with a
small shift in the threshold voltage.

According to FIG. 40, FIG. 41, FIG. 42, F1G. 43, and FIG.
44, the electrical characteristics of the transistors with small
channel lengths were not favorable in the sample 5. On the



US 9,412,877 B2

73

otherhand, the electrical characteristics of the transistors with
small channel lengths were also favorable in the samples 1 to
4. Electrical characteristics of the samples are more favorable
in the descending order of the sample 1, the sample 2, the
sample 3, and the sample 4, from most favorable to least
favorable. Therefore, it can be said that the electrical charac-
teristics of the samples are more favorable in the order where
the thicknesses of the oxide semiconductor layers 206¢ are
smaller.

FIG. 45 shows comparison between the calculation results
shown in the above embodiment (see FIG. 3) and actual
measured results in this example. In FIG. 45, the top graphs
show the actual measured results and the bottom graphs show
the calculation results.

Left graphs of FIG. 45 are graphs plotting data, where the
horizontal axis represents total capacitance of the oxide semi-
conductor layer 206¢ (oxide semiconductor layer (S3)) and
the gate insulating film 212 (gate insulating film (GI)), and the
vertical axis represents an on-state current of transistors.
Right graphs of FIG. 45 are graphs plotting data, where the
horizontal axis represents a value obtained by dividing the
total capacitance of the oxide semiconductor layer 206¢ (ox-
ide semiconductor layer (S3)) and the gate insulating film 212
(gate insulating film (GI)) divided by the capacitance of the
gate insulating film 212 (gate insulating film (GI)) (such value
corresponds to normalized capacitance), and the vertical axis
represents values obtained by dividing the on-state currents of
the transistors by the on-state currents in the case without the
oxide semiconductor layer 206¢ (oxide semiconductor layer
(S3)) (0 nm) (such a value corresponds to a normalized on-
state current or an lon ratio).

However, a difference in threshold voltage among the
samples is large; therefore, the on-state current corresponds
to a drain current when the gate voltage is 3 V and the drain
voltage Vd is the threshold voltage Vth of the transistor plus
1V (in FIG. 3, the on-state current corresponds to a drain
current when the gate voltage is 3 V and the drain voltage Vd
is3V).

Note that as to the actual measured results in FIG. 45, the
oxide semiconductor layer 206¢ is expressed as an oxide
semiconductor layer (S3) and the gate insulating film 212 is
expressed as a gate insulating film (GI) for easy understand-
ing.

The actual measured results are those of the transistor with
a channel length (L) of 1.09 um and a channel width (W) of 1
um, and the calculation results are those of the transistor with
a channel length (L) and a channel width (W) each of 0.8 pm.

In the actual measured result in the upper left graph of FIG.
45, 25 points of on-state current are plotted for every total
capacitance corresponding to each thickness of the oxide
semiconductor layer 206¢ according to FIG. 40, F1G. 41, FIG.
42, F1G. 43, and FIG. 44. In the upper right graph, the median
values of the obtained on-state current were plotted.

According to the right graphs of FIG. 45, the actual mea-
sured result and the calculation result were compared in the
plotted points of the normalized on-state current with respect
to the normalized capacitance. From the comparison, it was
found that a tendency almost the same as that of the actual
measured result reappears in the calculation result (in particu-
lar, the calculation result in the case where the well depth is
03eV).

That is, there is a possibility that the model showing a
decrease in an on-state current, which is described in the
above embodiment, can be applied also to the transistors
described in this example. Specifically, first, electrons are
induced to the oxide semiconductor layer 206¢ by an electric
field of the gate electrode 204. Next, the electric field of the
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gate electrode 204 is blocked with the oxide semiconductor
layer 206¢. Then, the electric field applied to the oxide semi-
conductor layer 2065 is weakened. Thus, the possibility of a
decrease in the on-state current of the transistor was shown.

Example 2

In this example, reliability of each of the samples 1 to 5
fabricated in Example 1 was evaluated. The reliability was
evaluated by gate BT stress tests.

A measurement method in a positive gate BT stress test
(positive BT) is described. To measure electrical characteris-
tics in the initial state (a state before stress application) of a
target transistor of the positive gate BT stress test, a change in
drain current Id, that is, Vg-Id characteristics were measured
under the following conditions: the substrate temperature was
40° C., the drain voltage Vd was 0.1 V or 3 V, and the gate
voltage was swept from -3 V to +3 V.

Next, the substrate temperature was increased to 150° C.,
and then, the drain voltage Vd of the transistor was setto O V.
After that, a gate voltage of 3.3 V was applied so that the
intensity of the electric field applied to the gate insulating film
212 was 1.65 MV/cm. The gate voltage was kept being
applied for 3600 seconds.

Note that a gate voltage of -3.3 V was applied in a negative
gate BT stress test (negative BT).

FIG. 46, FIG. 47, FIG. 48, FIG. 49, and FIG. 50 show the
electrical characteristics (the Vg-Id characteristics and the
field-effect mobility with respect to Vg) before and after gate
BT stress tests in the sample 1, the sample 2, the sample 3, the
sample 4, and the sample 5, respectively. In each graph of
FIG. 46, FIG. 47, FIG. 48, F1G. 49, and FIG. 50, solid lines
represent the electrical characteristics before the gate BT
stress test (before BT), and dotted lines represent the electri-
cal characteristics after the gate BT stress test (after BT).
Moreover, in each graph of FIG. 46, FIG. 47, FIG. 48, FIG.
49, and F1G. 50, the top graph shows the electrical character-
istics before and after a positive gate BT stress test, and the
bottom graph shows the electrical characteristics before and
after a negative gate BT stress test.

Table 2 shows shifts in threshold voltage (AVth) and a shift
value (AShift) between before and after the gate BT stress
tests obtained in FIG. 46, FIG. 47, FIG. 48, F1G. 49, and FIG.
50. Note that the threshold voltage (Vth) refers to a gate
voltage when a channel is formed (voltage between a source
and a gate). In a curve where the horizontal axis represents the
gate voltage (Vg) and the vertical axis represents the square
root of drain current (Id) and where data are plotted (Vg-vId
characteristics), the threshold voltage (Vth) was defined as a
gate voltage (Vg) at a point of intersection of an extrapolated
tangent line having the highest inclination with the square
root of drain current (Id) of O (Id=0 A). In a curve where the
horizontal axis represents the gate voltage (Vg) and the ver-
tical axis represents the logarithm of the drain current (Id) and
where data are plotted (Vg-Id characteristics), the shift value
(Shitt) is defined as a gate voltage (Vg) at a point of intersec-
tion of an extrapolated tangent line having the highest incli-
nation with a drain current (Id) of 1x107'% A,

TABLE 2
Sample Sample Sample Sample Sample
1 2 3 4 5
positive BT AVth 0.14 0.08 0.14 015  -0.39
AShift 0.02 -0.08 -0.06 -0.03 -0.37
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TABLE 2-continued
Sample Sample Sample Sample Sample
1 2 3 4 5
negative BT AVth 0.27 0.33 0.51 0.66 -0.14
AShift 0.10 0.17 0.39 0.41 -0.02

According to FIG. 46, FIG. 47, F1G. 48, F1G. 49, FI1G. 50,
and Table 2, the transistors of the samples 1 to 5 have stable
electrical characteristics. In particular, the shifts in the thresh-
old voltage (AVth) and the shift value (AShift) of the samples
1 and 2 are smaller than those of the other samples and thus
the transistors of the samples 1 and 2 have extremely stable
electrical characteristics. The thicknesses of the oxide semi-
conductor layers 206¢ of the samples are in the ascending
order of the sample 1, the sample 2, the sample 3, and the
sample 4, from a smallest thickness to a largest thickness.
Thus, the transistor in which the oxide semiconductor layer
206¢ has a smaller thickness has higher reliability.

This application is based on Japanese Patent Application
serial No. 2013-025025 filed with the Japan Patent Office on
Feb. 12, 2013, the entire contents of which are hereby incor-
porated by reference.

What is claimed is:
1. A semiconductor device comprising:
a gate electrode;
a gate insulating film in contact with the gate electrode; and
a multilayer film which is in contact with the gate insulat-
ing film and includes a first oxide semiconductor layer, a
second oxide semiconductor layer, and a third oxide
semiconductor layer in the order from a side farthest
from the gate insulating film,
wherein the first oxide semiconductor layer has a thickness
greater than or equal to 20 nm and less than or equal to
200 nm,

wherein the third oxide semiconductor layer has a thick-
ness greater than or equal to 0.3 nm and less than 10 nm,
and

wherein each of the first oxide semiconductor layer and the

third oxide semiconductor layer has energy at a bottom
of a conduction band that is higher than energy at a
bottom of a conduction band of the second oxide semi-
conductor layer.

2. The semiconductor device according to claim 1,

wherein the thickness of the first oxide semiconductor

layer is different from the thickness of the third oxide
semiconductor layer.

3. The semiconductor device according to claim 1,

wherein the first oxide semiconductor layer has energy at a

bottom of a conduction band, which is higher than
energy at a bottom of a conduction band of the second
oxide semiconductor layer by 0.2 eV or more and 2 eV
or less, and

wherein the third oxide semiconductor layer has energy at

a bottom of a conduction band, which is higher than
energy at the bottom of the conduction band of the
second oxide semiconductor layer by 0.2 eV or more and
2 eV or less.

4. The semiconductor device according to claim 1, wherein
a source electrode and a drain electrode are formed between
the second oxide semiconductor layer and the third oxide
semiconductor layer.

5. A semiconductor device comprising:

a gate electrode;

a gate insulating film in contact with the gate electrode; and
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a multilayer film which is in contact with the gate insulat-
ing film and includes a first oxide semiconductor layer, a
second oxide semiconductor layer, and a third oxide
semiconductor layer in the order from a side farthest
from the gate insulating film,

wherein the first oxide semiconductor layer, the second
oxide semiconductor layer, and the third oxide semicon-
ductor layer each contain indium, an element M, and
zinc,

wherein the element M is aluminum, gallium, yttrium, or
tin,

wherein the first oxide semiconductor layer has an atomic
ratio of the element M to indium which is higher than an
atomic ratio of the element M to indium of the second
oxide semiconductor layer and has a thickness greater
than or equal to 20 nm and less than or equal to 200 nm,
and

wherein the third oxide semiconductor layer has an atomic
ratio of the element M to indium which is higher than an
atomic ratio of the element M to indium of the second
oxide semiconductor layer and has a thickness greater
than or equal to 0.3 nm and less than 10 nm.

6. The semiconductor device according to claim 5,

wherein the first oxide semiconductor layer has energy at a
bottom of a conduction band, which is higher than
energy at a bottom of a conduction band of the second
oxide semiconductor layer, and

wherein the third oxide semiconductor layer has energy at
a bottom of a conduction band, which is higher than
energy at the bottom of the conduction band of the
second oxide semiconductor layer.

7. The semiconductor device according to claim 5,

wherein the first oxide semiconductor layer has energy at a
bottom of a conduction band, which is higher than
energy at a bottom of a conduction band of the second
oxide semiconductor layer by 0.2 eV or more and 2 eV
or less, and

wherein the third oxide semiconductor layer has energy at
a bottom of a conduction band, which is higher than
energy at the bottom of the conduction band of the
second oxide semiconductor layer by 0.2 eV or more and
2 eV or less.

8. The semiconductor device according to claim 5, wherein
a source electrode and a drain electrode are formed between
the second oxide semiconductor layer and the third oxide
semiconductor layer.

9. A semiconductor device comprising:

a gate electrode;

a gate insulating film in contact with the gate electrode; and

a multilayer film which is in contact with the gate insulat-
ing film and includes a first oxide semiconductor layer, a
second oxide semiconductor layer, and a third oxide
semiconductor layer in the order from a side farthest
from the gate insulating film,

wherein the first oxide semiconductor layer, the second
oxide semiconductor layer, and the third oxide semicon-
ductor layer each contain indium, an element M, and
zinc,

wherein the element M is aluminum, gallium, yttrium, or
tin,

wherein the first oxide semiconductor layer has an atomic
ratio of the element M to indium which is 1.5 times or
more as high as an atomic ratio of the element M to
indium of the second oxide semiconductor layer and has
a thickness greater than or equal to 20 nm and less than
or equal to 200 nm, and
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wherein the third oxide semiconductor layer has an atomic
ratio of the element M to indium which is 1.5 times or
more as high as an atomic ratio of the element M to
indium of the second oxide semiconductor layer and has
a thickness greater than or equal to 0.3 nm and less than 5
10 nm.

10. The semiconductor device according to claim 9,

wherein the first oxide semiconductor layer has energy at a
bottom of a conduction band, which is higher than
energy at a bottom of a conduction band of the second 10
oxide semiconductor layer, and
wherein the third oxide semiconductor layer has energy at
a bottom of a conduction band, which is higher than
energy at the bottom of the conduction band of the
second oxide semiconductor layer. 15

11. The semiconductor device according to claim 9,

wherein the first oxide semiconductor layer has energy at a
bottom of a conduction band, which is higher than
energy at a bottom of a conduction band of the second
oxide semiconductor layer by 0.2 eV or more and 2 eV 20
or less, and

wherein the third oxide semiconductor layer has energy at

a bottom of a conduction band, which is higher than
energy at the bottom of the conduction band of the
second oxide semiconductor layer by 0.2 eV or moreand 25
2 eV or less.

12. The semiconductor device according to claim 9,
wherein a source electrode and a drain electrode are formed
between the second oxide semiconductor layer and the third
oxide semiconductor layer. 30
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